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The reearch consisted of a series of studies performed with the general

puzrpoe of devel ing organized self-assembltng mom and nultilaye organic

film that might have practical applicability as ultrathin protective or pas-

sivating coatings on variou solids, including semi dctor materials. The

project has been initiated on the basis of previous tal results db-

tamed in this laboratory, whLch indicated that ordered solid-suported mn-

layers rsniscent of Langmuir-lodgett (LB) films (deposited on solids by me-

canical transfer of monolayers initially farmed as floating film on water)

may be obtained directly on various polar solids via spronecus nolecular

self-assewbly (SA) fEa soluti n. oCared to the mecha-cal procedures in-

volved in the deposition of LB manolaywrs, the sprtkaeous self-assembly pro-

ces presents a number of intrinsic advantages, particularly Important with

rgar d to possible practical catc . SA approach is free of sane of

the inheent lI Iatiocno of the LB medtx, while offerig new options for the

urtolizatlonof o3rded organic monrlayers.

Prel li iary evidence obtained in this laboratory pointed to the reuarkably

iaUroved frx OLnce of SA mronlayers as regarding their stability under ad-

Oe phlysical axndchical conditions. This encuraged us to pursu a re-

search prog-n- aiming at thuy paratIon of ultrathin organ.c film of uziuel

rbwbu m and structural Integrity. A study of the in-situ dfical modifi-

cation of 0"efruu SA flma has als been urdertan, with the purzpose of ex-

tmdirq CRW synhetic cebitieas towards tte corAzucticn of nvel types of

Smono and multilay films with pluarmd stxvure and proerties.

Ths sUim w directly related to anothr objective of the pesent re-
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search - the dslopment of high quality multilayer structures via sif-asaun-

bly. As sho~wn previously by us, the self -assembly approach may, in principle,

be extended to the ps Veration of ordered uultilayjers, using a stepwise prto-

oinsisting of mnlayer deposition by self-asssi*,ly followed by its

m~b~qut chemical udfatcin order to generate surface binkding site

for the anchoring of tUe next layer in the structure.

Obviously, tU= chemical ndfiti of a preformed film is limited by the

film structual stability under the onditions required by the respective

chemical reacticno. Thus, highly resistant and structurally stable filim are

required for this pupoe which~ - - - -Irates the interrelaticn between the

different umn directions of the present research: (i) studies on the stabil-

ity aixd structural perfection of organic mnlayers and development of nrz

resistant such film; (ii) delzitof chsuiical routes to the efficient in-

sitbu cmauical udiiainof peasemb*led mnlayers; (iii) cos ruction~ of

plamu high quality nultilayer structures via self-aessembly. A omwparison of

Sh andi anlogou LB films, with regard to teidr stability and degree of struc-

tural perfection, was aso onsidered essential within the present research,

in nor W to provide a common basisa for the evaluationi of the pefmaroe Of

rred organic monlayers, in genral.

2. UMiiM CUP P11 ROM

Mo~st of the epetriuuntal work, Including the ocmwaatiwe investigation of

SA and ulgm LB systmsr, has bean% don on mnlyers of lon chain surfac-

box a, m of wichd wer partially or totally floiae.Such mzfWatn

turn! fam Lenmumir micmlayers an water as well as self -assemle on solids.

-5-



Sam wmfactants cry tainIg aromatic moieties have al' been synthesized and

invuestigated as SA system.

a. Studies an the Stability, Stutual integrity, and Barrier perfiormarce of.

LB and SA Mbnlyers

Fzp eizts have been carried out to determine the thermal behavior ofsc

r-prenoentatdive niziolayer system, 1 hir resistancoe to extraction by solvents

an xposure to variousB corosive reagents at ambient as well as elevated

t~j;QwbIMs.2, Th arEFou-I of monlayers as diffusion barriers, i.e.

pro Ume/,passivativj coatings preventing thea passage of undesired molecular

or ktnic svecie frz the -- mnxlng enviroment, has als been hnvestigat-

ed.3, Th min findings are auwrirad be' ~:

* In genral, SA sytst have shw superior properties, as oapared to

analowum 1B film, in all above mntionead bia.

*SA sila moxo1ayers stabilized by intralayer (lateral) and layer-to-

oubt kyate acovalent bonds, display renir~cably inqproved pefru~,in terymk of

stability, structural integrity, and barrier efficiency, as carpared o nic

fatyaid fil. 1 '3 ,4

Pbrexample, monlayers of lon chain silanes on aluminium mirrors main-

tain thsir highlY -ree - A Solid-like stabsA up to baprtrsin excess of

150*C,l sucha mmlayiws an silion may be extracted for hours with various

svents, including boiling toluene (1100C), or exposed to cxxxxxtzated hydix,-

dh1orio acid at 100*C and LiMH4 in boiling THFl (67*C), wihot shouing any

aiLg of structural d11 orioirsticn.

*Studies an thepwteilt of miolwayers, performed by mans of "perue-

tratia reaticuu" (reactionis of iornic or molecular species diffusing fron an

-6-
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outer fluid phase with a monolayer inner functicn, or the urerlying solId

sbstrate itself), dI " state that highly efficient protective barriers may

be proced n Si and ZnSe using long chain silare mnolayers.3 ,4 Icng chain

thiols show similar on gold. 5 It has been --- stated that nc-

sied, tightly packed MOAoaISMs of lcng chain may behae as per-

fact barriers, provided they are free of pinholes and their highly ordered

s is preserved une exposure to the pestratn species. 4  Th brri-

er pme rfomae of mxxnlayers is thus a funcicn, of both their stnucubal in-

tegrity and stability. Cbiotisly, the mrhlogy and chemical r~aboie of the

coated solid are important factrs in this respect. It thu apears that the

IMPE~ved behavior of mixed thiol-silare molayers on gold (nlayers of this

type may be Prepared behaving as perfect barriers for ions as well as water

itself) is a ience of both their improved surface coverage and stabil-

ty, resulting from the cadAned use of a laterally polymenizable (silans) and

a wurface attahed mcxmsric (itol) conet.

* The n results obtained in th preparation of stable, pinhole-

free .rmolaver barriers enabled us to czructn and d Ivxistrate, for the first

tim, the fwxticnng of efficient ion-specific electrode coatings of molecu-

jar thidaase. 5  Such electzdhsuical Monolayer msitirare are prepared as

mixed munolayers, in-opating a specific icn-binding ("active") ocmiorx t

within the mtrix formed by a r -swpeific ("blocking") cxmcnst, wiich func-

ticrn s a barrier for undesired ionic species.

-7-
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b. Inetgtciof Surface Reactions for the In-Situ Chemical Modification of

Preasssitged t4oxolaers

A 1 Lih Pr of surface reacticinu involving monolayer function~s have been in-

vestigated during this project: hydrolysis of ester function~s, reductionh of

ester fuctions, oxidaticti of ethylenic double bond with Mn4in aqueous and

organic soluticus. The usefules of such reaction~s as synthetic tools for

the " 3dficaticn of surface properties, or for the activationi of exposed mono-

layer surfaces, depen~ds onthefl structural stability of thue mnlayers to be

modified, the tim required for omuplete onversioni of the reacting functions,

and the~~iotc of flhe reactioni prodcts.

Main findings:

* Iciucally bandIed fatty acid mvzxxlayers, of either the LB or SA type, do

not wifthm tlue oniditions required by abovie mnticid reactions, and, thus,

may not be modified using such surface chemical transformatixus. 4

* Covalntly bon~ded silane motilayers are onsiderably mor resistant ctn Si

than aou ZnSe cc Ge. Thus, while asu reacticons (or solvent extractions) may

be carried out with Si substr~ates at elevated tsWaerabas (above 1000 C), 3 si.-

lane ucollayses cin ZnSe or Go are usually resistant und5er exposure to, similar

treament only at thue amb~ient tauueatue. This may have to do with the na-

t~ure of thu manolayer-to-surface bondhing or thue possible slight d soluticn, of

the a.or itself (for ZnSe).

* Te eater hydrolysis must be cxrxicted in acidic (HCl) media, as bat NaCI

or BCH solutions inm denage to silanu monolayers, ca I, probably through the

hydrolytic, beedng of (Si-O-Si) b"a1.

-8-



With trinal functions, all studied reactions are caiplete witin t

of the cria of 30 min., leading to a single reacticn. produt 2 -4 (th situ-

atim is ie abiguim with aqueous IQ- 4 ) .4

* Inlayer inner futii may alo be affected, and th reaction brLtht

to ccupleticn, provided the monolayer is cleaved at the position of the react-

ing function. In this cae, much lcnger reacticn times are required (ny

hours), the reacticr mechanim involving lateral propagaticn fra edges and

layer defects. 3

c. CQwtructicn of Planned Mlatilayer Structures via Self-Assembly

The main problem involved in the nrstzucticn of plamned multilayer struc-

tures via chemically-ccntrolled self-assembly are related to the stability of

the interlayer bondling under the conditions required for the chemical activa-

tLan of the outer film surface, and th necessity of preserving the molecular

order with increasing r of deposited layers, i.e. avoiding accumulaticn

of Strwtural defects froa layer to layer.

We have investigated a number of possible routes to the consntrctin of

Planned SA multilayer structures, using icng chain silanes with terminal

dkuble bnd3 Or .sa functios, aliltatic:2 as well as arcmatic. 3  CeOical

surface activaticrn has been achieved by the onversicn of teminal double

bo"dI to hydruyls via 4iyiibraicn,3 the idaticn of double bonds to car-

bimys by organic p zadt 3 (follad in cases by reduction with

LiAUM4 to tm nul hyd yls), the acidic hydrolysis of ester functions to

odna1 cazbtyoxls, 3 and LAi 4 re&jvtiCt of ester fuzcticzu to temdnal hy-
dcl. 2 , 3

-9 -
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imults obtair d In th couse of the present research proJect deuonwsats

that, if adequately applied, each of the above mntnd cheical activation

rrs my, in fact, load to multilayer structures of good quality. It becae

ant that some of the difficulties previously reported by us 2 , 6 o

in the Pity of the amo.layer forming ompod a the contadnation of the

activated film surface by traces of ~tcsic ygenerated phaegene present

in the rinsing solvent (chiclrofcori).

Two examples of aultilaerfi -xwhvcticn, involving the hyjoboratcu of the

terminal doble bond of a long chain aLiphatic silane, and the reduction of a

log chin silane with an aromatic eae functio, are given in ref. 3. It is

quite oiam from these examples that sterical factors play an importmt role

in the i of SA mu.ltilayer structues. Thus, to avoid accu. lation

of structual defects, uicd may then interfere with the acoth depositicn of

additional layers on top of each other, it is important to maintain the orien-

tatioin and tight molecular pacidrg of each layer. Appaently, this ensues

that tiwhe intralayer polymerizatim proceeds to the extent that lateral "brid-

if" can copensate for missing binding sites or othe strutural defects in

the udrlying layer. In this manner, each layer beooms -I--asI of that

lying undereath it, and the of strctural defects with the depo-

sitIcn of aditicnal layers is thus avoided. Based on these results, studies

have bean initiated, an are presently in progres, aiming at the oonsuwucticn

of Sh nultilaYer flIb~ provided with oriented aromatic dirac*~ee as intrin-

sic pert of thir structure (we "3rad Periodic Report").

-10-
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ITh main objectives of t~herewith sumarized research project have bean

mc~essfully "c~lshed, tthe results dam:craat~ng real possibiI tis for

certain tecdrxological alctgw of self-asseitbled n~and multilayer

films;

1. TIp6 perf m -!! a of covalmntly bCrxdad silans mnolayeSM, in t.ern.m of degree

of structural perfectioandsw stability, may meet the specifications required

for a r a-s of practical aM i catios, including thei~r tiiainas protec-

tiwe/pmsivatirg coatings.

2. Sir' tbGechemical nature and soz1*olcgy of te coated solid play active

roles In temodes and strength of layer-to-surface bind~ing, als affecting the

strtwtursl perfecticn of a aicolayer coating, one must regard the solid subs-

te as an integral Part Of aNy mnoxlayer system fozinsd via self-assmntly.

The p orfo-rmsw~ of a mnolaywr barrier is thus to be evaluated cnly with ref-

afroc~ to a particular isubstrate, the suns nozlayr ccuponents behaving dif-

ferently o. different sbtates. As the various analytical mattx~ds employed

during the PrAemt project wee nwot universally applicable to each of the

studied solId substrate, it is rather difficult to establish quantitative

"I.Izelatiaue between the vericus uaxolayer/outztate systemw with regard to

their barrier off'icincis. Ftw example, whidle quantitative FTZR speactrca m- -y

in the Tbtal Internal Usfiecticn mods could be applied to Si and V"~, the

Powrful I li - -ool --~d H o e applicable to Au mstrates; only.

To dbvelop a protective or --- vain hxnolayer cmating for a sescific ap-

plicmtiui, it wil, thrfoe be necesary to prepare st- test it in direct

relai to the particular lIcatiam for wh~ich it is intanided. In general,
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the results obtained during the present studies dagixstrate that useful eo-

layer barriers may actually be engineered using tecdniques of mnolayer self-

assebly.

3. Studies perfarmed in the course of this research project indicate that high

quality ultilayer structures are obtainable via self-assembly, provided the

right type of monorayer-foxming cmcazwts and proper experimenta oonitic

are employed.

Waile sw general hints emerge from these studies as to what may work and

what not, aditional basic research will be certainly required to establIsh

reliable rules regarding the onwtructin of SA multilayers. Further research

will also be required to dsvelop ary particular new system which might present

intest for a particular type of application. It is reasonable to assum

that the gaa alcwulation of more e data in this area will

storten the research effort necessary for the development of rw and M=re ccm-

plex SA systes-

If the prospect of investing a large effort in the development of novel SA

film systems may be discouraging, e should be reminded that the alternative

LB routs is, in fact, not shrter if film meeting a particular set of speci-

ficatios are to be produced. Thus, despite the csderable research effort

so far invested in LB film all over the world, no techrxlogical applications

of such system ham been yet reported. on the basis of the present results,

it qpears that chanes are much better to reach this goal by the self-assem-

bly spuroe!!I

-12-
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SELF-ASSEM3LDG ?CNUAVM~ IN THE Cx~MVr=F% OF PLANNED SUPWM~aUWR

STMicruM AND AS MI*WIFIDS OF SJRFPE PRFE1MZM

Rivka Ife" , Lucy Neme, Julio Gm and Jacob Sagiv

Dparmet of Isotope Researdci

The Wimann Institute of Scinc

76100 Petvhot, Tares,

Organized noayw tr uctures prepared on polar solids via spontar-

am adsorption from organic solutions (self-assembly) exhibit some rath-

er unique features, particularly relevant with regard to possible tech-

nological agwlicaticne of such system.

The a t w 11,ig stability of oovlently bandd mnolayers undr expo-

a~ to a variety of advierse ph*ysical and chemical agents allows well

krx -mt' r Is of synthetic organic chisstry to be applied to their in-

situ chemical umodi fAcatiwo. This offers interesting new qpor bxities

for thw enIneg of plannd film structures, directly on the desired

solid surface.

Prooe go of the NRTO Ad-

vencd R~merdh mdax an "Proprties and Avicaticne of

2-Mimaiuwl Orgaic F11 1: MM 71andw Related Stox~b.~re, Val

dD O.uOSUl (Psfis), ftuu J- ~ue 1M8, J. Qa. Ftzys., in



Examples will be given to illustrate th- key roles of molecular or-

ganizaticn and riods of film-to-suirfaam binding in the chemical manipula-

tion of resa3ed iff Ir, while briefly disoissing soerelated

aspects of the process of molecular self-assembily at solid-l I cuid inter-

faces. 'Te discussion will foct on thUs different directins of ap-

plication:

1. Preparation of stable organic surfaces with well defined outer

functionaality.

2. ~~rxtcaof plannesd ultilaye strucbzres via slf-assembly.

3. O trciaof monolayer barriers and uizaa of "pastra-

ticxi reactions as sensitive probes of the5 penetrability and

structural integrity of somlaaVrs flmt.

Organized monolaWe fi"u have long been coni~ed attractive for a

variety Of ~lctcuof scientific interest, however, it is only re-

cently thart research in this area has anee -I th critical stage of

evaluating the bsdinological feasibility of own of isse aPplicaticuis'.

Fo=AUMt~ Of ordered MWD18YWS via sl-rssemby2 _1 0 , i.e. apcntars-

oads.orption from a bulk fluid pas (usually organic solution) onb a

pola sol Id ontacting the fluid, pxuet some rather unique features,

whi, apart from their theoretical significance, are partlilarly Va-

luablo fram the point of view of possible tedzx: ogcals apiatu Of

s~182a systuts. MAn, being a spontaneous uvlecular prcsthe

2 -
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self-argenization of bolecules at fluid-solid itrae hudr~w

eerily lead to stabilizmod (low free energy) stxuotzas, at least under

the conditions pconai11g du* ther foant1i. The dzo es not

Involve mechan~ical opertions, mswdMi that the quality of self-musm-

blead f Il is not affected by macso mechanical. facos, and,

tlwrms-re, should not Jeu~i aI on the liit of soph~itcated depo-

sition, equ1pm*- Ordered self-ammlig snoloyrs may, in principle,

be prpaed on a lazige variety of -Ala *3olids, regardles of

their size, shape, or stt of disprsioni Aw.r~i i, as %wate is

rot required In the formation of "'am- umayern, the use of water-eun-

sitIwe usterialse is als allowed, awll an that of mnlayer ccoo-

IWa ,a rot a uaoaSsarily poesmiz - the a~ipi1Ic chaacer requjired for

focatin of Inecutasl L.wijir urzrlayjrs at water-gas -I -rfaoss' 11.

Finally, the direct anchoring of the film to the uderlying W3olid subs-

trat is ons of thuecs iuoortant features d ateiicof self-as-

softly. Siz4 the diving lfor re in t1;pcos of mnleyer focrstion

on solId surfaes is largely provided by thie attrative in1*ActCzu be-

tenthe 1or 1 mWleuzlm indI the so I d, the specific umode of bind-

ing to the sol Id plays key' roles in the dynamics of film fiormiticn. as

wall as In the s 1ilzotici of the final film structurel1 1  As we

~ j~g 3 , 11-17, the layar-to-aufoci and intralayer wvant bond!ing

adiieved In self-wak1.d silns moolayers results In remiarkably m
proved film stdality. Cmalntly banded silawe uonlayiers mee found

to be hiahly resisant to adverse oanditione, such a proloniged extrac-



ting" by good solw*su1 1 1 3 , high tgar a P I sl 4, and treatts by oor-

rosive dwnicalso 15. Such uanlaymr weu eqpcu q; gm Fst t the strin-

gent stability u toin posed byw a variety of awlicaticne of tech-

nological interest. In addition, the high stzuotimml stability co-

ferred by covalent bczding ofers intsing now synthetic

pcmsibdifle, through the in situ chemcal modification of preasssibled

films, diecl an the desired mlid strfacs,15 1 7 (see belowq).

flissurch ctImtd in this 1aborsacy ove the past several. years has

ainaed at elucIati_ a ntud or of bo quetions regarding the proces

Of wxU)lRyer formtim via self-asurbly3 ,8 ,1 2 ,1 3 , *idle explarizng the

fes:Ibli anwd gRVVsral prd-Mtc of the chemical anipilaticai of

pr emied film ghors1-7 its pzpome of this peris to

briefly dim=~s a mlr R, of mierples illustrating possibilities far the

use of sslf-mssrbling sonlayere in tic different directions of ap-

plication bearing bechtilogical relevance.

1. n C U ZQI= OF EM% - mUREcR OF STWNA OWRNIC

-udmz M HI wMEM at? FUMiM~MU

Scm ewinples of iq~orten* scienif~ic and tedim1ogical a lcta

that should benefit frm the aviaiiyof organic surfaces with well

defined cuter flty(In ~uof the chemical nure, density

and aIutatla of the eposed functu) are lI'sted below:

Plu-Newitel stuies of p~riical and chemical foe operating at

E~tU~ar, 1 18 .

* agjUV of two stwfae (ashasii)1 9 .

-4-
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*Pru.,wxHizm of atdheao - low mnug surfaoWs-~

* 81 gtstible 6 23, 24

* ittw.A' col0 of crsa 2wj5.

lyrn um of aienbd mcnolayers emsposing the dwired fwx~*iau Pro-

vides an ataotivem -I 1 wu xmubsto the fu , mgeat-- of such

surfaces. Hmmvinr, theusamfunms of this approach is limited bY the

iam"low stability of mmxaaysr coatings. For exaiple, unless polymer-

imd unde mate.1 9A,2 6 cr wd a hydrphilic coatingA, Lanir-Blod-

gaft u1ayMSr exosing polar outr functims urdergo the well kr~am

tarn-ovsr I I - g nmt (to a non polar coszw Surface) wm Paled Out

of the waber tbrcugh the wter-air izterfaos2 7 . S&wfaos-bosx omlay-

am Pr m; I by self-asuinrb1y offer a sati sfactory soluticxi to the prob-

lea of stoaiity of morclayer coatings. The modification of thu chemi-

cal rubWs of a solid surface upo coatirg with such M~1IYSTS, MaY, in

priple, be acieved In two different ways:

a) Ihau umr1Ays fcrzuLng bolecules ame desigrud suchi as to orient ci

the exrfaos with the desired fuwt~icn pointing oubmwads.
b) The. ksfred Surfac furctBah is introducoed via the in sitti dbeni-

cal modifimcain of preasMmbled umlayers uist of apoiate

bifixodal crIutbuA (we Figure, 1).

Figure 1 hure

'It. fizst zaztm is usiuily apLicable to the prmrticxi of low-eurx-

wy ixi-yolar mwfaces (ew~nept few cinis whomu the anctxxrng to t flur

-5-
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face is highly specific and effected tUxugh moistii having pocr gamer-

al rectivity or sop ti, Aty, like thiols or suirdeis; on go(d6 , 9, 10)

while the seonxd cne a11cws stable sa m withi pola mter fimwtical-

ity to be pofxid. In tha folloeing. examle ill be given illustrat-

inig the use of the first mite In the Ipsropmrmt- i of fluzinate surfac-

es and of the seound cein the Preeatz of stwfoea wit exposed

catbomylic or hyrlc g=s.

Surface exgioeiMi closly poc*.d (-(W3) grup exhibit the highest so

far cbsevd 14fid irity (highest onftact acgles wit respect to

wae smil asgmi 1~wdiquid)2. Fm.mnte ualayars wre of In-

bumea forte 1u oep oi PI of highly tx-~eu (1cm wgyE) SlzrfOwIS,

as hrt V~vAective coatings, and alo in courctix wih ther special

electrical zzxpeztie.1=

Highly olecmic: fluorinated mwfaces prspered in the pest by ad-

sorti~of exf~inbmdfatty acidM2 had 1cw stability, weticuilarly

In mtEmot with wter, which limited o1ibly their usefulness as

1 - 1 A c otinp. LcddMn for a covemient aiople routs to the

Synthesis Of fl-iae swam towt sutable for r a r 11- of stable

mnlaysrs with the dbsied structural properties, we have used intra-

chan einer functice to cbtain partially fl-iae lonmg Chin surfat-.

tf in Idmidi &a Ayr nrn dm-9-Cain aemg im serve aspae between the

~msize n m I cne a and a &1m or caftmosyl head gxVV ((aundsx



(B), (C). It wa itcipsted that the paddg density and orientation

of sxh* partially fluorinated chinsz was'd be detrmined by the bulkier

fl~zocrtcc agunt 2 0 ' 1 ,thus pmboing moriolayers with densely

pckd cuter (-a 3) qxus. The lig chain acid (C), structurally anal-

tou the silans (B), lends itself toprprai of uonolayers via

boiti seif-maimbly (SA) and the Lquir-Dlo st (LB) metho~d , which

pwvdmd us with the inortant aditional otion~ of caparing te two

types of f ilma3,13 (see alo secticn 3 below).

Ibrimilas of OMt~ond (A), (B), (C) he

IThe formiInd~ structure of SA uuxolwyers of a series of partially

flodiedlai chan and fluorinated shot chain mirfactants, such as

(B), (C) and (A), have ba-, investigatead using Fouier transform Infra-

zvd (IPMh) a; aIcIro- a py in the internal reflectimi (TR) 3 and external

rsf'ctim~ (rfectd.4n Iieorp- A) 4, 7 , 8 , 13  ande mx critact angle

inn3 5 ,9 ,20. Glass, alwdinzu, ZnSe, Ge andi Si wee employed as

soli 1Atustrates. The SA monlayvwers -z Ired with LB monolayers of

coaotc~i (C) deaited crn the respective substrates E~ the water-air

iterfAM3e'.

It wsfound that the silane (B) frmcovalently 1! - I SA uxrxolay-

-w au~itizv awface eurgiss In theag of the lawest: values (high-

ant wctp aigles) so far reportedP, %hil. diaplaying rauzicably high-

ac stdAility, under atosr to both organc solvents andi water, than

Provicmly zuorto-d fluorinatedl acid .cm-glyr 2 ~ The iv~-r

-7-



chai smauui in oxh m=nv ays to mt .ally aproach a sta of

dns paddng with zat good ;m rp miazlar I 11tion theu mjrfac,

vdiile tbe u Ir r, c I sg a am ,z ur - disordered, as expected from the

dfferenc In the cvu n- of the noa1 rt r! h-an zjoaub

lr , . Short ain fluorinated Frfw-tmts isuch as tu silane (A)

__ the o= msm2ing aid tend to ~ b as partially oriented multilay-

rs, possibly as a remilt of their low solubility in the abcn

solvents amplyed in thue1 "X 11.

Table 1 he

Figure 2 lre

ExUiV1 of AMR peoae and the reopeotiw ontact angle vaus are

givn in Figure 2 and Table I for m ,. itative Bi z I of comlpoxds

(A), (B) and (C), and also for a uuo-layir of n-oct -cyltrilorcelane

(orS)3, on ao. nm signifianty higr otact angles measured an

fibin of the lcng chain aidm (B), as owpwred with th .e of the other

fli rcnact1oa ds, point to the m ifon u ndtati possi-

bly Imor mocular pmdng of the fo=mw3 ,2. Ths onclusion is or-

v~t 1 P3by the IR data. Accordfig to the integrated intenuitia of

the (-01-) stretch bIn aro2und 2900 cm-i (cauvere awve (B) with that

of 01'S in Figure 2), oox1und (B) :an crie-ted S, monot ayer with a

pIck/ng demity of the di of 33 A2 /mlecule 2 1 . The intesity of the

(-a' 2 -) st wtc bond at .151 cm 1 in ozw (B) is ca. 1.7 U higher

-8 -
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than that of the analogous LB miay In azve (C), -tie the i re-

gponiTg (-%-) bond at 2922 cm- 1 differ by a facto of only 1.17.

ThIs points dto ferag in btt the density and the molecular orien-

tation of the tw film.3 , the SA silone monolayer being denser and hav-

ing3 better pe-dcia orien1:tatiax of its f1uvzoclazbn %segments. Fur-

ther evidence siVcrting tte om~uslion is obtained Ec the analysis

of the RA spectra of the respective mnowlayers o. Al (not StX=)- Com-

pared to O1S, the brvedeiing an blue-shift (fru 2918 €d-1 t 2922

Ce1) of the (-012-) strebt bonds of (B) and (C) are both indicative of

thu looser packing and les ordered arrangement of the hydrocaztx seg-

nu*8 30 in tiess partially fluo~rinated1ari~i~e Finally, the into-

grated intenity of the 1151 -3 bond in awv (A) is sem to be ca. 10

t4 larger than that in curve (C), clearly -- Iat. the muutilay-

or na ure of the adsorbed fila formed by sort chain silam (A).

&wf~. dth Exposed Cwdxnyic or Hyidmylic

Figure 3 hem

Th surface hydzolysis am redicti of a a unoxlayer with

a silans hm grou and a tirmil aromtic eer function (C7SPE) are

qchmimLCy depicted In Figure 3. As doz-mtxate by the M'R Spectra
~in Figuire 4 and 5, ths aurfac -mIlotn reactions can be carried

rity of tereacted morxaysts. 7 iavancing ontact age o 2

-9-
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and bicyciduxwyl dwxg. aoowxi 9 16, 17, Fra initial ValUes Of Ca.

900axd 31% to final values of ca. 5Wand 0kmn th acid urfaos, U-4l

500 and 0* on the alchl surface, reqectvely. it ~d be chier' that

the preene of the tamninaluI ring impms a somewhat laceer

chain peddng in ease uuvilayem, as- Ceu 1 ,Iwth that reached in mm-

olaers of nmal UxV chain saoAph~ile'sc as aM3.

Figues 4 and 5 hure

lHywiicyl and carbogyl reachsurwfaces prepared by this auI I nd are per-

fectly stable uzx~ex wbr as wll asIn air or in cfrgunic solvents, and

may tus be usned in various avW 'cations, sox otlurs, in the cmu-

*1cm of Sih i lilayer cUganizates 1 6,17 (Fgr 1, 0e Al' bq~).

2. 1' 1nffrvlr OW wauVw NEXAMAM mwSTRU VIA mUA-AinwM
Soamm of then I attractive possible a=3I catione of organized mmi-

laywe asudimbl followi fraim their precisely defined ardibcture, in

tc.of the position and ortatlan of 1zuivIcAl uolecu~lar conUttu-

erif in epae. of thue aW 'cation require, that "rd e sr-i

bue thicke than~ amn uwiolqer be amsxbled. Eamples inc~lude the f a-

bricatiau of pimpyrelactric and non-linear cpticl elmwas,

u12WO01 irnulaos, -cIts and, in then distwft futu, the

avaenftal asmmby of uc mitxtd elemats for ma~ecular electrui-

ic &viase. Mmetucre, mwl1i Ist, In for tt n atruicticn of

plaxied layered amblas of gradually inoreessiM capexity, Suffi-

4/ -



MIw~tlY resistant for a-W Icati±ins of Practical. keneest, cxxititutes a

mAjor c*bjectiw in uonalaym research trodsy. As we hw, ahwn617,

co~inim the basic ;Prrain of mnoiysr aelf-memby with the in situ

chemical modfication (activai) of prassibled moolqfferu, proides

a prouiusng ne synttutic appoach to the ccz-1 wimx of a joh at=u-

turs (Figure 1). The chemical activatli of the auter mnlayer aux-

face, realized. through theu se of biwmixaxu2layer onstienuts,

PlaYS the role of a conbollable, triggering system allowing Ssquuxtia

deposition of discrete nuvlayesu in a groweing uultilayer structure.

The rer.4xe stabi~ty of the remilting strer may be acieved by in-

te n intralayier covalw*t bmx1ing of its mone ub t. We ahould. am-

-hdf that the ue of umlayer constituents with "iznrt" aste fury-

I Wo, conertible into "active* ones upon aproriate surface chmical

treabstmn, is essetial if precise control on the depositiand erie n-

tati of ech nolayer in to be amintied.

Our first atto 11pts to coabtzct Sh =mitilayer filw acording to the

ad in Figure 1 mnet with sm difcit 16, 17, hich now w to

have originated in technicel problems related to the purity of themoo

layer forming comuncus and the rv rmiPinatiai of the eamosed film our-

* face followuing the cheical activation stass. As dSauztrated. by the

exoles given below, if adequately swled, the besic adpticn-ir-

* fmm - '-activatiui approach depicted in Figure 1 may yield high

qfality self-i~e mliae twbie ~prnia details will

be provided in a number of fiorthouing p 1iata)

Fue6 here



Figure 6 showu IR Spectra reco~rded during the ontruction of a

5-layerg film of a long chain (C19g) silIne-termirial double bond surfac-

tent (NI'S), using the previously reparted gerwal m i - of double bonds

onversioni to terminal hydraiyls (via liydroboratIon and teatnt: with

basi 11202) an Intalayer om~aling thro4 cowalent (Si-a-C) bridges1 6 .

As widWed bY the absorbencs intenities in Fig. 6, within the experi-

untal error, each depsited layer represns a comlete mon1ayer of

dmuselY PecIced ;, sr; a dcularly oriented MIS molecules, no wsteuc

variations in the mounzt of maeial and its oientation being detecta-

big from layer to layer. This is ooanfixmsd by the ccxutant high cot

angles inmd afte the depositioni of each~ of the five layers

(103'-105' for %10, 50--52- for bicchexyi, "0-46* for n-huxede-

cw)3, 16*u. hss the eise film growth process appears to proceed

smootly and I psxdent of tUe total nRuber of S IF-lq ay-

exl6, 17.

Figure 7 here

A different zmple of uultilayer nr mtrction. using the same basic

qppoct is given In Figure 7. The surface activation of this aromatic

exte uuvolayer, realized via its redc~xtion~ to the respective terminal

alcachol (Figure 3), involves raival of the terminal bwanm ring. This

is Samn to resilt In a surfwarxet with a molecular n-ws section am"~e

thetast of the Initial one. Sams of the "sterical matching" difficul-

*4..u arlino from the use of suc a blfiw~ticnal sirfaent, featuring a

-12-



termdnal functio bulkier than its main c re (Figure 1), are

aparent in Figure 7. In order to pesecom the orientation of the pa-

raffinic chains followirg removal of the aromatic end groups, and thus

allow regular deposition of ordered layers on top of each othr, it was

necessary to intduce OTS molecules as "filler" material into the free

space between the chains of te C17SPE molecules. Using this strategy,

a multilayer film made of 9 superm1 ;ed wmolayers was constructed on a

Si ATR plate, each layer containing besides C17SPE the equivalent of ca.

10% of a complete OTS monrlayer.

MR spectra recorded after deposition of the first, third and sixth

layer in this nine layers film are shown in Figure 8. The step-by-step

growth in the thickness of the film is evidened by te crr xPeIng

growth in the absobance of the (-%-) stretch bands3 , 1 6 , 17 aroud 2900

co- I , while the constancy of the carbonyl stretch band at 1761 c - 1 dem-

orstrates the basic equivalence of each of the respective C1 7SPE nmox-

layers in the multilayer film. It shold be further noted that the car-

bcnyl band disapears folciaow each reduction step (see Figures 3, 5),

only the last deposited (unreduced) mnorlayer in the growing multilayer

film reftiniM the ester functiai (Figure 7). The stepwise film grdng

process, according to Figure 7, is, finally, cnfinrmed by the alterna-

tim in the cntact angles follwing each adsorption ad reduction

StG16,7. h120 WtnWo covm~ngtact angle was fcaxl to alternate be-

boomi ca. 900 and 50" and the bicyclchexyl angle between ca. 260 and 0*

for each layer, except for the first one, on which the initial bicyclo-

-13-



hexyl contac.t w1e was ca. 30° his points to a possible slight differ-

ee in the arianation of the moecae in ec of U uw r lay ars

oripered with the first ne.

FIg~gre 8 here

Fiwther work is rxm In progress alzuing at the onrw ructicai of arcat-

ic multilayer structures esigned such that their molecular pecking and

riutaticn are not drastically affected by the surface chemical active-

tirL of each layer. UV and polarized UV -- ec-v---. are i sd to deter-

Mine the Ctxu-c51 ttamuforznatomr and the station of Uh arzmtic

moieties in thesm f' Iz.

3. (Wrx~ or LM ==u~U M E. w-uZMMi OF "ISn~w

amauw As sum7w ri! rT mSNc

Ordared. solid-Lik. uanlayers of lcaV chain w~lsae expected

to behave asefficient ultrathin diffuim barriers for various 'onc

and molecular spec'e.. This follcu from the wo.xWcAal y high dersity

and rigidity of sxi filums, achieved thrizugh the unrdftru a.igimimit and

tight packing of their molecular constituents. T!. possf I Iity of erxi-

neering efficient uunoluyer barriers is attractive for a mm*ber of nov!el

W ic -ix, iffladiz g tUm  v a 1:t o ulrathin protective coat-

igs, high resolui electr 's resists, ultrathin selective mem-

tIus, and selective mano .yer- dified electxxdms. Hower, th lit-

- 14 -



wture rmna sruely adicy evidence regardIg the

pmuuahlity of iiaolqjrat~d aU tIlayer fiJms.5 ,29  An extmeve cam-

per4tiw sxly of th pmtrability of some ad imltilayer LB films

ad SA =nlayeru recently carried out in tis laborat 5,29 d

stra: that the passage of mlecuzlar and icnic speces acs a tightly

pa ad ayer asseumbly of oriented log chin es OCs

tbmrct fortuitous structural defects in the assembly, or through d-

feats gmrated under the actim of the penstatig specie. The pen-

srability of tim fi" was probed by monitoring the aeatI of KMW 4 ox-

idatiw attack cn intralayer located etriylenic double bonds. Both

aqneos 2 and oganic1 5 soluticn of M104 were exeuined. As before,

F77R-AT txpe cPY and crntct angle m e ws were employed to

xreal the chemical and structal trax :fmaticxurdergon by te

film uP tifr e3zVp e to the pemtrating reagents. Some of tie main

results of this invetigaticn are listed below~:

* SA umnolayer of lcng chain acid salts we found to be less pem-

trable then analogous 18 fil. containing framn ne to three super-

imposed hnlayers. This is a r ca q -uaeI of te higher degree of

Ip rE c n and higher strutual stability of the SA monlayers.

* It i possible to proidce SA acid salt monolayers displaying high

barrier efcieancis an oped to thm ano4 lutcns for ties

of the crder of sv-eral mrutes. ionger exposue times result in

graduzal detwiratIc' of ode red1 structure of such icnic films,

with a rzz a odi drastic Increse in tir peemrability.

1i5- 15 -
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* valmitly Sh acr1aymr of bot sturatd nd maWturated

*c wl silanes ar highly stable and imtrabl (in thifr

tiWitast moda of peddrig) In'h U qpm IIS giWU~t I S

Isb atmd silane m mAyere display similaI beaviour als in the

* kyatu, m I I ilwm nolayers iurxao in the organic reagent very

al acdative cleavage of the chins at the positLm of the double

11 via a mechaism of lateral propmg - aI star-ting fz~n edges

and layer defects. itslur nzow ends In tUe forition of an orien*-

ed shztaE chain monlayer withx osed carboxylate bwztUo (Fig-

ure 9).

The ATR spectra in Figure 10, taken before and afte exposre of an
utatirsbnte silane imrlayer to the organic Iegx for 2

and 6 hours, cofirmu the gradual cleavage of the chains, as suggested in

Figure 9.

Pt aperison, FIWMr 11 dX ATR spectra of ocislete and inmu-

Plate mcnlayers of the owe. - -aI-ated silans as in Figure 9 takean

dUX:Ug their expose t the sauou pmi g mete r m g a . According to

the decrease In thu Ibsort~ of the (CaC) I a at 964 cu-, nethan

6M ci the etlenic Zwotions in the inomplete mmlyar are ad!iumd

ithin 3 minutes, whiile no imwAnble change ixi the abaoxbuxoe of this

1~ is observd in the complfte (desely packed) mmxaaywz sum after

.1 -



30 to 90 udnates aposure to the regent (wly the 30 min. spstrm~ is

i~~In Figure .1). The psi-tH of the aqLxx pm3VJgWAntm ion

intoth 1xA ! Or Ir Of a MM-vAaye is thu clearly inem to depen onit

Pm~ing density, beIng efficiwity blocked by layers aVpecing their

ti~xin umde of packing. fpt r the dcras in the (C) I-~ ab-

sorinj of the irxxzpleft rmxlawje, Vmrctically no other qpscTzal

chws ea observed in Figure 11, thusu i tratintg th~e structural

stability of these silans nacclaypers in the aqueous mw*4 sauticz.

Fues10 and 11 he

The preet results emohasize the Iniprtait role of film structual

stability, bseih its degree, of structual perfection, in the engineer-

ing of useful ucnlayer barriers. Omalently borded silane manolaydera

WOE fond to exhibit remzkably superior, mer for3ance in Such aplica-

ti.nw as o~dID IiOniCa 81ly bcnidd acid filmw. It is furhe dmo-I sted that "penetzatixn" reactions we very useful as sensitive probes -

of the; swtrability of monlayer fi m, while supplying adition~al va-Itluable 6 1fouIcz on their overall strucual stability. Finally, the

laterl cleavage of ---- abeatd silane uuxxlayers by the organic permn-

guwt.a reagent suggests interesting synthetic possibilit-ies for the

yp r M aIn 1 of oriented sizz chain am' lers with oue polar func-

ticnelity. In guanwl, eithw the LS vestid nor the aelf-aasembly fromi

solution alow such structures to be directly pVW&tod.

1



E~ggpee UqM grauadLJ msting the potential of Mol)ayer

solf-assebly In a rage of possible awloatkw The attwiio ha

Iea focused cn ftr main Is., beerIng pmtioilar relevanc withi re-

gadto U- posiW b ediw,3ginal -lizatim~of mwa1ayer systems:

",hA stability of crgwic nmalayer.

T he degree of structural perfecticn, attainable in solld-maorbed

film.

no waallsIjlty of filma buildiM ll- In~d eublIrg nr wetrwiticn of

orgmAized aseuibli4 with~ the dmumxed molecular rhtbie

An far as thecmg "Ibmen, integrity and film structural stability

are , , r a , it is now possible to prvc~xs oovalently 1- 1 Sh mon-

laywo of ixoed quality a red r to related LB film. Such ua'-

lay=*s we pzinislng asmolelr barriers and in aW icaticno dexmr~iinr

mof~ostIM of stwfaos prapstla. Theu ewmmd stability of cm-alw*-

ly 1,~m SA monolayers allbom a variety of cheical uoiiainremc-

tin - to be directly c'aiilxted cnpessne films, thus of fering new

synjttitC q#tiau in the mowzuta of jr,"O oo1i rP clex layered a8Msu-

71* NI!S coomi (Fig. 6) was a gift ample Wxxdly auglied by Kazu-

Ami Ogn of Mffhzabie Electric Indl. Cb., LTD., Osaka, Japan.

Peftial suppwt of this wack by a grant fxm the Eirqean Pesearch

office of the U.S. Amy is gratefully w1lsg S.
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Table 1. Bik A Iibria Advancing Cmbt Angles Measued c. the

Filmt of Figure 2

Fileicu ~ yv~ H2 0

A, MXS/Ge '00 5l* 112*

(A) A, PTJYS/Gs 70 rm 112*

(B) A, C1 (F)C3SE(11)/Ge 816 we lue

(C) L, C1 0(F)Cj2AE/Gs no 75* ume

aA an L &W~mt film. Woc by sslf-awmditly (Adaorptian)

and thes LB mtbd, x ameactIdvely.
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!Ig.. Sd*Wtic repremnttic of the ut~lizaticn of bifwnCtianal

xlayer ccnst±ta in the r pytj of a surfaces with polar

oatri f uztwcnality, and in tu x structim of planned self-assarkaing

multilayer stuctues. The in situ chemd.cal modification (activtic )

of the preassuured film is a key feature in both aalicatiris. Active

functios are dfined as those carrying potential for binding to the

surface, cr to which an additicnal monilayer may bind.

Fig. 2. FIR-ATR spectra of SA film (Abed, A) of ccuprs (A),

(B) and O(S, and of a LB mcolaver (L) of the 01' salt of cmauzir (C)

on Ge zoiwum. The LB manolayer was quantitatively transferred at a con-

stant pressure of 20 dyne/cm and a nominal area/molecule of 31 A2 . The

SA fils wm re are under conditions leading to saturaticn of h d-

sorpticn and mdmal contact angles for each of the respective com-

paunds3 ,12. For (71S, on~ly the 3000-2800 cau 1 spectral region is stxm.

Fig. 3. Surface hydrolysis or reduction of the ester function of a bi-

ftwticnal silenm-ester surfectaixt (C1 7SPE) in a covalently band~ed SA

monolayMw, according to the general apeoch fomulated in Figure 1

(lateral and layer-tco-srface (-Si-O-) 1xx s are sctmnatically shoa).

Ojeatitative uodIfication of the exposed ester functions is achieved un-

der the indicated reaction coditio~n without affectingj the integrity of

the mle1ying potion of the mnolyer.

i
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FLa. 4. FT"R-A2TR spectra on silion of a monoayer of the s-ilui-ester

m~fc t (Ci1SP) ixm -in Figure 3, before (oer curve) and after

HCI bhyolysis of the ester fution to tn respective terminal acid.

'l qu- titative dM sqp . of the ester ca niyl band and the ap-

I a f m of a carbcmylic acid 1s are evident at 1757 and 1713 au - ,

re pmctively. The integrity of the molayr is presrved uner the

itiins of the reaction, as confirmd by the invariance of the

(-2-) stretc bands around 2900 ci 1 .

Fig. 5. Spectra a in Figure 4, taken before (lw curve) and after

LiAlH4 redction of the ester function to the respective terminal alco-

hol. Note thS quantitative orP P of the ester carboniyl band at

1758 c - and the in ai e of the (-%-) bans aroud 2900 cm-1 .

. 6. PIR-AM spectra of a 5-layers film of iedecmnyltrichlomosi-

la (MS) on silicon, showing (from t left) the (C-H) utxetd regio

of the entire film aid the individual contributions of each of the five

monolayers in the structure. uo Individualm cntr-ibutlais are differ-

wIs impetra, each n-th layer rerMeuuing, the P I tI cal Ibt___l

of th spectru recocded after tn deposition of n-i layers from that of

t rn amoding n-layers film. R=1nuza of NTS, bcxud to the surface

and laterally o iz via ocwalent (-Si-O-) bonds, is depicted in

the inert.

A. 7. of a SA multilayer film of Ci7SP (se ompound

fcmla in Figure 3) according to the geneal audi foulated in
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Fipw. 1. The irxlayer bindirg is realized txmzi the f matim Of

(si-O-c) bdgeps, hwolving the reactioci of the ezpcid hydr=yl grm.ps

ofE the activated manolayer with the dglorsilyl graJ~s of the adbrhng

molecules One MS o e (C18) is admzatically sho to fill the

free q~ebebmeen the peraffinic dMixm Of tO C17SPL (C17 ) mol1ecules

(see text for details).

Fla. S. PIR-ATR ~pectra on silicon takem after depositicn of one,

tIZe ad six C1~syE n~miclayerg In a nultilayer film o 1 ktxucted accord-

ing to the proce&Ke outlirmd in Figure 7.

Fig. 9. O(dative cleavage of the chain of a surface ima.bilized unsa-

turated lcng chain silum (1) by the crOA ziew-Mn4 co=ge in ban-

zest. Tenma aldehyde fUnctLcn (3) ere furttw cidized to carboY-.

t (2).

i. 10. FriR-ATR spectra of a oapl.ete mmrclayer of the insturated

silum' surfactant showi in Figure 9 on ZnSe: (a) before exposue to Or-

ngiic WW 4 ; (b), (c) after exosure to the reagent for to wad six

hours, resectively; (d) after treatent Of (c) with HMl. lIb gra&al

clevage of te dhaiM (at C13=C14 ), with the fomaticn of a surface im-

il1ze C silwmtenninal acid salt monola3er and the ooxoitant

dobK*=Mt from the surface of the *vrter Cg acid segmwnt (Figure 9),

is evident frcm the- gra&aal edisqa3;eParvne of tte (C=C) and (-C13) bands

at 963 and 2957 cu- , resp evely, t redticn in the t ities of

te(-2-) b at 2919 and 2851 -1, and tts siuultam-cu aearane
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(.f carboxylate (-00r) bands at 1549 and 1558 cmi- (curves (a) - (c)).

7hm disapperazwe of the carboxylate band and the appearance of a free

cwmyl buI s at 1702 an 1-, upo aidcfication of the surface, is evi-

det in cur-w Md. The pr musix of week barx~ visible in curve (d)

bebmark U86-1239and points to th rigid all-trans nfo Beation of the

chains in the resit~iai C13mnlye41,4

!Ag. 11 Spectra as In Figure 10 for omplete (lower part) and irnoxi-

plate monoayers of the Mxatited Siians Surfactant of Figure 9, be-

fore and after wxm"~ to aqueou Int4 for the Indicated periods of

time (see text for details).
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Ionic recognition and selective responsie
in seif-asmbling
monolayer membranes on electrodes
israel RbiNstdm*, sowi Stelaberg1, Yllzhak Tore,
Abran Sbaazert A Jacob Saglv
Depanmenta of * Materials Research, t Organic Chemistry and a0 a0 r l_4 Isotope Research, The Weiumn Institute of Science,
Rehovot 76100, Israel a 0 l

Communicado. to living organism Is goversed by call bilyerNi
membrane. whtich selectively recognize a speifi compoent In
thdpene of others and accordingly respond. 'Tbe aemdoelag Fig. I Schematic representation of THEA, Cu2"-TBEA complex,
of socht molcuar-size harriers laite molecular andl qantum and n-octadecyl mercaptan (OM), adsorbed on gold substrate.
pIoc-s. deriving from a prcs, porpowies-mted architecture. Note that ligand binds Cu" in the enol form upon losing two
and attempts hae boe, made to create artificial sopramolecular protons, and thus the complex is neutral. TBEA was pregare by
structures; exthlbiting similar paoperte"'. lo pestieular, ehemi- the 4-dimethylaminopyridine (DMAP)-catalysed reaction of 2.2'-
caily modufied eletodes, coated withs variou types of orgamic thiobisethanol with diketene. Gold electrodes were prepared by

baem~ ae" bees used to emitrol the ace. of ellectroactive sputter-deposition at -1,000 A gold on glass microscope
seisfrom solutlee, hut such system have is far lacked somse slides9'21 , followed by annealing tar 15 min at 420 'C. which

of the Importnt fosam of rel mlcaktusi, membroam, He reduces the gold-surface roughness.
we present: the Amrs example of an electrode coated with a stable,
lo.-selsectve artificial membrane bavl% the thickness; of Just one only TBEA (Fig. 2b) indicates a film structure not sufficiently
maes*im whic sucessfully amils basic structural and fewc- compact to prevent leakage of Fe3

* through uncovered portions
Usual principle. of the ustaral halayer murs. This monolayer of the electrode. (TBEA was adsorbed on gold by immersion

mmamproduced by meolecular self-aseembly on gold, cam in a solution containing 3.3 x 10-2 M TBEA in bicyclo-
recepine a selected metal Ion in the preesFe of other lanok and hexyl: chloroform, 4: 1 v/ v, far 3.5 h; the resulting electrodes are
thus induce. a spcfcelectrode respese. it commists of synthetic denoted Au/TBEA.) Evidently the introduction at an appropri-
'secepter sie', designed to Impart the desired selectIvft, embed- ate 'blocking' element is necessary for the proper functioning
dod wihnan iert monolaye matrix which blocks vacant sies of the system. It was expected that addition of a surface-sealing
on the suface and se prevents the pga of udsred species. monolayer component to the adsorption solution might result
'The opperein gold eletode permits electrochemical aalysis of in a continuous mixed monolayer barrier with ion-selective sites
the mebaestructur and performance. Such moeolayer msem embedded within a compact, electrochemically inert matrix.
hramot my aid the study of elementary chaow Urnder processes Previous experience" -2 pointed to n-octadecyl mercaptan,
atllqnld-emlldl1 nterfaces, adcotribue tofuture mleclnr-bsed CH3 (CH2),7 SH (OM, Fig. 1) as a suitable such component.
teckhlgha Thus mixed monolayer membranes were prepared on gold sub-

Imprmebleon-molecule-thick barriers for ions and water stae yc-adsorption of the two components tram a solution
have recently been produced on gold'9-2 using techniques of containing 2.0Ox 10-2 M TBEA+2.Ox 10-2 M OM in bicyclo-
monolayer self-asaembly"423. Achieving ion selectivity in such hexyl : chloroform, 4:1 v/v, for 3.5 h. These electrodes are
system. is more complex, as the 'active' element providing the denoted Au/(TBEA+OM).
desired selectivity may not form film structures tha are compact The performance at the mixed (TBEA +OM) monolayer
enough to prevent leakage of other, undesired specie.. We show membranes was compared with that of gold electrodes coated
here the feasibility of an approach based upon the use of with the same ligand, but sealed with a thin electrodeposited
self-assembled mixed monolayer., containing both 'active' polymeric film (- 10-I15 A thick) of I -naphthol (N P), known to
(monolayer-forming ligand) and 'blocking' (surface-sealing suppress electrochemical reactiviy 2 (Fig. 2c). Figure 2e and f
long-chain amphiphile) components", so that a specific show, respectively, voltammetric curves of an Au/(TBEA+ NP)
response for metal ions forming 1: 1 complexes with the ligasid electrode in Cu 2+ solution and in a mixed solution of Cu2"' and
is acieved. Fe'*. Although the electrode is inert to Fe3+, Cu2

1 peaks are
The ligand used was 2,2'-thiobiaethyl acetoacetate, clearly observed. The voltammogram at the soluble Fe3*-ethyl-

S(CH 2CH 2OCOCI4 2COCH,) 2 (TBA, Fig. 1). designed and acetoacetate complex in Fig. 2i indicates that the absence at
synthesized as 'active' component. The two 04-n caeter groups Fe3'/ 2 peaks in Fig. 2c and f is not due to a possible shift in
of TBA form a totradentate chelating centre, and the sulphur the redox potentials of complexed Fel".
bridge was designed to anchor the ligad to a gold sur- The qualitative behaviour ofa typical Au/(TBEA +OM) elec-
ft9.0.2.24.25 Surfc-bound tetadattTBA is an excllent trade, shown in Fig. 2d and X for solutions containing Fe3

+ or
candidate for the formation of 1: 1 complexin with divaleat both CU2

* and Fe2"' ions, respectively, is similar to that of
metal ions, such as Cut+, but is geometrically unsuited for Au/(TBEA+ NP) (Fig. 2c and f). however, a considerably
bindingtrvaloot metalions, such as Fes+.tdot require octahedral decreased background, virtually coinciding with the baseline,
coordination. Therefore. in term of geometric discrimination in Fig. 2d and Z. indicates a clear improvement of the barrier
(andf also electrochemical suitability), Cu and Fe are con- properties for the mixed monolayer membrane. Thus the selec-
ventiont ionic probes to test Mhe selectivity of the present tive complexation of Cu2+ enables its penetration into the
monolayer-coated electrodes.' monolayer and electron exchange with the underlying electrode,

Figure 2a shows a cyclic voltammolrnan of a bare gold elec- whereas hydrated Fe+ remains in the bulk solution at consider-
trotde in H250 4 solution containing Cu and Fe3+. The Fe3 '" ably. greater distance from the electrode, which precludes its

redut~onoxian peaks are marked with arrows; the small electrochemical reduction in the applied voltage range, Fe2"
peaks around -0.13 V correspond to underpotential deposition form a red complex with dissovd TBA, possibly an
(UP!)) of a monolayer of Cu on Au27 and the peaks at -0.55 V~ oligomeric octahedral complex. For steric reasons, this should

(euto)and -0.40 V (oxidation) correspond to deposition-. be prevented when the ligand is bound to the surface in an
doutlon of bulk Cu. Examination of an electrode coated with oriented monolayer. Total suppression of voltarmmetric response
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*.TBEA complex in a

Au/(Cu
2-TBEA+OM) electrode (specimen obtained by immer-

fg2 Cyclic voltammograms in 0.1 M H2S0 4 containing 1.0 mM sion of Au/(TBEA+OM) in saturated aqueous copper acetate
Cu"

, 3.0 mM Fe3 , or both (scan rate: 0.10 V s-'; electrode area: solution adjusted to pH 7.5 with sodium acetate, for 1.5 h at 40-
0.63 cm

2; MSE is mercurous sulphate reference electrode, +0.400 V 45 "C); b, TBEA in the electrode of a, after electrochemical removal
versus saturated calomel electrode), a. Au in Cu2 + Fe3

+; b, of the Cu2 + by cycling three times in 0.1 M H2SO 4 between +0.35 V
Au/ThEA (-80% coverage) in Fe*; c, Au/(TBEA+ NP) in Fe3*; and -0.75 V (v. MSE); c, TBEA in bulk liquid. The spectra in a
d, Au/(ThEA+OM) in Fe*; e, Au/(TBEA+ NP) in Cu 2*; f and b were produced by a weighted subtraction of Au/OM spec-
Au/(TBEA+ NP) in Cu+ + FeC+; g, Au/(TBEA+OM) in Cu2+ + trum from the spectra of the respective electrodes in a and b. The
Fe

3
; k, Au/(TBPA+OM) in Cu 2

+ F+; , Au in 0.1 M H2SO, spectral features in the 3,000-2,800 cm- ' region represent various
containing 0.4M ethyl acetoacetate and either Cu2+ 

(solid line) C-H stretch modes'
9'23. The peaks at 1,744 and 1,716 cm - ' are

o; Fe3+ (broken line). The ligand coverage was estimated from the C=O stretch modes of the ester and ketone functions, respectively,
minimal amount of charge required to block Au/(TBEA) with of TBEA in the keto form (ref. 30, pp. 150 and 204). The features
naphthol polymer (towards Fe 

+ ) compared to that required to between 1,660 and 1,510cm- 1 are characteristic of the Cu
2+ -

block a bare electrode of the same geometric area. Surface acetoacetate complex (ref. 30, pp. 165 and 209). the bands around
coverages of c. 80% with TBEA are typical. Essentially the same 1,660 cm-1 (a, b) and 1,653-1,630 cm-1 (c) thus being assigned to
curves as c and d are obtained, respectively, for Au/NP and the conjugated ester and double bond of TBEA in the enol form
Au/OM in either Cu

2
*, Fe3 , or Cu'*+ Fe *. For c, e, f, naphthol (ref. 30, pp. 165 and 209) (see Fig. l). The spectra in a and b were

polymer (NP) was deposited in a stirred solution containing taken with parallel polarized radiation in the rellection-absorption
1.0mM 1-naphthol in 0.5 M H(2SO4 by pasing a constant anodic (RA) mode, at an angle of incidence of 750 and a resolution of
current for 2.0 PA cm-2 for 4.5 min. This corresponds to about 10 4nc- ' (ref. 19). The spectrum in c was taken in the transmission
layers of NP deposited at ilgand-uncovered sites of the electrode, mode, at the same resolution, using a thin film of pure TBEA
which results in a NP film thickness comparable with that of the between two NaCI windows.

ligand monolayer itself.

is also observed with other ions, which are either trivalent (for selective monolayer barrier, are: (1) the complete absence of
instance, Ce 3+ ) or sterically incompatible (for instance, VO2+). Fe. +

1
2+ peaks; (2) the absence ofCu UPD peaks; (3) the negative

The monolayers on gold were characterized by contact-angle shift of the bulk Cu deposition peakby -0.25 V; (4) the existence
measurements

' 9
.2a'

U , reflection-absorption Fourier transform of a loop when the voltammetric scan direction is reversed. The
infrared (RA-FTIR) specroscopy " , and various electra- absence of Cu UPD peaks indicates that Cu atoms are deposited
chemical measurements"

' Z 1, a full discussion of which is beyond inside the organized monolayer at some distance from the sur-
the scope of this paper. Indirect electrochemical evidence indi- face, not in direct contact with the gold substrate. The shift in
cates -So% ligand coverage in the present (TBEA+ OM) mixed the bulk Cu deposition potential and the voltammetric loop are
monolayers. Surprisingly high contact angles for Au/(TBEA+ indicative of the preferred perpendicular orientation of the
OM), indicative of a rather unusual mode of film packing lipnd. In a monolayer where TBEA molecules are oriented
(typical values: 113', 59' and 57 for water, bicyclohexyl and normal to the substrate plane (as in Fig. 1), the complexed Cu2

n-lexadecane, respectively, with no hysteresis) and significant ions are held at a distance of -7 A from the Au surface, which
contact angle variations are observed after Cu2  uptake and introduces a tunnelling barrier for electron transfer with the
removal. Figure 3 shows selected infrared spectra for the underlying electrode (assuming that quantum-mechanical tun-
Au/(TSEA+OM) system, from which a number of general nelling governs electron transfer over distances of this order of
conclusions can be drawn: (1) complexed TBEA (aool form) magnitude). However, reduced Cu atoms are not complexed
can be detected spectroscopically in the monolayer on gold; (2) and may be deposited within the ligand 'cavity' closer to the
tCn enol form is preserved upon electrochemical removal of the electrode, thus lowering the energy barrier for further electron
Cul+; (3) diferences in the relative intensities of the various transfer. Voltammetrically, the initial barrier is manifested as
C-H stech pu in Fig. 3, b and eawe indicative of non- an increased overpatential for the reduction, i.e. a negative shift
radom orientation of TBEA on the surMfaoee ; (4) the system of the reduction potential, whereas the easier electron transfer

appears stable towards electrodkhmieal treatment. provided by the first layer of deposited Cu atoms gives rise to
Common prominent features in PIS. 2f and X. which may be an autocatalytic effect, appearins as an enhanced reduction

correlated with structural charactristics of an ordered Cu02 . current (and thus a loop) on the reverse scan. Experiments with

• I . A



decreasing reversal potentials (not shown) indicate that even which agrees qualitatively with the proposed tunnelling
sub-monolayer amounts of Cu atoms may cause such appreci- mechanism.
able catalytic effects. Thus we have demonstrated the possible use of spontaneous

From the negative shift of the Cu2
' reduction peak molecular organization at liquid-solid interfaces for the prepar-

potential, observed with Au/(TBEA+OM) relative to a bare ation of solid-supported functional monolayer structures. Struc-
gold electrode (Figs 2g and i), and considering a tunnelling ture-function interrelations in supramolecular organizates of
mechanism for the electron exchange with the metal, one can this type appear to be advantageously revealed by
estimate the potential shifts to be expected for varying distances electrochemical techniques. Such artificial self-assembled sys-
between Cu + and the underlying electrode. To verify these tems are of particular significance in view of their resemblance
expectations, a new ligand molecule which contains an addi- to the natural bilayer membranes (with respect to their molecular
tional methylene group, 3,3'-thiobispropyl acetoacetate, dimensions, mode of organization, and spontaneous formation),
S(CHCHCHOCOCH 2COCH 3)2 (TBPA), was prepared and while offering high stability and the option of systematic
tested under identical electrochemical conditions. Assuming a modification.
similar orientation of the two ligands with respect to the sub- I.R was supported partly by a grant from Yeda Fund of the
strate, the metal ion with TBPA should be located 0.5- i.0 A Weizmann Institute; J.S. was supported partly by a grant from
further away from the gold surface than with TBEA. Indeed, the European Research Office of the U.S. Army; l.R. holds the
this results in a reduction peak potential more negative by Victor L. Erlich Career Development Chair.
-0.030 V for the deposition of Cu with TBPA (Fig. 2g and h),
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Penetration-Controlled Reactions in Organized Monolayer
Assemblies. 1. Aqueous Permanganate Interaction with

Monolayer and Multilayer Film of Long-Chain Surfactants

Rivka Maos and Jacob Swgv*
Department of Isotope Research, 7Te Weizmann Institute of Science, 76100 Rehavot, Israel

Receiued December 6, 1986. In Final Form: May 26, 1987

The extent of oxidation of unsaturated monolayer constituents by aqueous KMnO4 n employed to probe
the penetration of ions from an aqueous phase into organized monolayer assemblies of some long-chain
acid and danemuraftctans The study comprises aolid-supporked I angmnuir-Blodgett (LB) and self-aeembled
(SA) monolayers as well as a series of LB built-up (multilayer) films, the molecular architecture of which
was planned such a to furnish evidence on the depth of penetration of the permanganate ion into the
inner core of a compact fim assembly. A combined analysis of the structural stability and the reactivity
of the fllm as revs"le by FMI-ATR spectroscopy and mattability observations, sugests a defect-controlled
mechanism for the passage of ions across tightly packed monolayer. and multilayers of oriented long-chain
sufactanta. The barrier efficiency of the investigated films is thickness independent, in the range between
one to three superimposed monolayer., being determined by the structural perfection of the film and their
stability under the action of the penetrating speie, solely. Self-assembled monolayer. are found to be
more stable and less penetrable than eich of th reetly studied mionolayer or trilayer LB assemblies.
Wetting ofs monolayer- or multlayer-covered polar solid by water or by the aqusous permanganste solution
is shown to require sablishent of direct contacts between the bulk liquid and the underlying solid surface
and lateral diffusion of the liquid in the film-solid interface.

In~vilucgleu relevance in the study of molecular self-organization, in
Organised monolayer structures produced on polar soMi general, much of the interest in self-assembling (BA)

surfaces via staneoue adsorption frm orgenic solutions monolayers stem from their potential in a wide range of
(self-ssembling monolayer.) are supramolecular organi- scientific and technological applications.'
sates resembling, in some respects, the well-known Lang- So far, most of the published material on SA monolayer.
muir--Blodgett (LB) built-up films while displaying other has focused on their formation and structure as derived
distinct and rather unique features.-i Apart from their by various physical methods.i-Ic The chemical properties

and reactivity of self-assembling monolayer. have only
(1) Sipic, W. C.; Platt, D. L; Moes W. A. J. Co"gg 8r. 19M briefly been touched, mainly in relation to their binding

1, 51& e~,J.J d~d .~ to the solid surfim"7e10 and to their chemical modifica-
(2) M tLr C~l nerfa c.1KZO,45 tion, as required in the construction of planned multilayer
(8) @ Nbr.; ii. R,; 1551, J. TinU ScUd Mwin 1IN& 90 2k structures The present series of paper. is intended to

(b) ISes1, 67~ .
(4) (a) Mum% L.G.; Allies. D. L J. Am. Chem. So. lIOU, 106. 4481.

(b) Alam D. L; No=*., L.0. Lcmemuir 19116. 1, 45; (c) 19ie1, 1. 52.
(6) (a Umb4M C. .;. 0.46. iLun K.sq P. Chew. P5ys. Ieon, ies, (M (a) Chopuas, J. A.; Taber, D. Pr'c. R. Sac. Lesion A I16. 242.

98, 547. (b) 0.45. ; HasL3.3. Dlown It W.; Ale... I S. Prot. 9s. (b) Scud, T. P.; TbAor, D. The Frkt~m ad Ii&arctione of Soaid.
Zleotw.a Smc. 191s,115-",,112. Clsedos Osford. 19M0, Chapter X

(6) For esaml, se (a)IOs.3L.0.; smn, W. A. Adv. Chemn. (8) Gun,J.; Iscr LR; Back. J. J. CoUodl nterfice 8. 1564,101,
Ser. IM.87 P,20ed refeeec. eked tbhi (b) Sft K. W.; Mosm 201.
W. A. A. Pb he , M ie. II 87130. (e) bwcikus, L 04; Jons. It L AMv. (9) DSrle, F. J.; Class, S. L J. Colcid Intemfcce Sci. IeM, 73,176.
Chew. Sep. ISK4 48,.t75. (d) Smuge, LB.; Bette, J. L .. Phyt. Chew. (10) (a) Nhales, KL 0., Robinson, L P.; Dlackbon, A4 Rjobtr. S.;
ties, 64, 1076 (a) Gass, 0. L., Jr. J. Co"uud c. 191 s,321. (f) Allow D4; Delig T. Lmir 1ieS 239U. (b) Sammak3.; Rabusin,
Young. J. IL Aut. J. Chem. 1ies S. 173. L; um, R.; Ssglr. J. J. KlectrceaL Chew. 1067,219,356L
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repot results of a study of some model surface reactions example, carefully prepared monolayer, of saturated
involving the penetration of a reagent from an adjacent lokkg-chain fatty acidh (C, to Ck) at the water-air interface
fluid phase into the inner core of a more or Iees ordered were reported to reduce the rate of water evaporation by
monolayer structure. Usefu information wee derived from factos a high as 10' relative to that from the free water
a comparative investigation of LB and self-asembled surfaceift an bult-u.,p fibna of camin aracgidte ca. six
systeme, the emphasis being, however, on the latter. monolayers thick were found to block completely acs

The study of -penetration-contrOHle reactions was of water to the underlying surface,i while, on the other
considered of particular interest for several ressons: (a) hand, relatively large molecules were reported to diffuse
Following the behavior of an oraniusd molecular asembly without difficulty through a large number of monolayere
under exposure to a penetrating reagent may serve es a irn LBS built-up asembllee of same or similar surfac-
sensitive tool for probing ita the-d- en oa architec- tant&"
tore, structural integrity, and overall stability under the As built-up LB ines are metastable structures, sus-
action of the reagent. Information derived froim such ceptible to alterations of their planned arcbitecture,-s"
studies is essential in the evaluation of a number of in- much of the apparent inconsistency found in the literature
terestig potential applications (scientific as well as tech- on monolayer penetrability might originate in inherent
nological) of seif-auembling monolayer. depending on difficulties associated with the proper structural charac-
their performance as molecular diffusion barriers. (b) terizaton of the studied systems or in the interpretation
Information on monolayer penetrability is demanded in of the observed effects. In spite of these difficulties, one
the selection of appropriate synthetic strategies for the may espect, on the basis of theoretical considerations and
construction of eelf-munbling multilayer structures.' (c) existing experimental evidence, that closely packed solid-
Conducting chsemical reactions in a highly ordered and like monolayer., of long-chai surfactanta, immobilized on
anisotropic environment, such a that provided by an or- a solid surface and strongly anchored to it, should behave

gnedmonolayer essembly, has beent shown to give rise as efficient barriers with respect to diffusion of ions and
to various catalytic and selectivity effects.11-0 The im- molecules exceeding a certain critical siz& This expects.
penetrability, or selective penetrability, of a given mono- tios follows from the proposed mechanism of diffusion
laye system may lead to interesting such effecta.'-' As, through Langmuir monolayers at the water-ges interface,
in principle, the self-aseembly method allows ordered according to which the lateral mobility of the surfactant
monolayer. to be prepared on large-area particulate sup- molecules in the layer plane is an essential factor in the
porta, such systems might become useful in preparative- statistical formation of interchain gaps through which
scale synthme applications, water or other gas molecules may move across the

The quite extenisive literature devoted to the p*ener- fiz.*L Furthermore, to rationalize the observed pen-
bility of monolakyer. including monoloaer at water-gas strability of some solid-supported built-up films, models

intrfaes sk ellas oli--upprte bult-p fims prs- wer proposed invoking variable degrees of fim fludty,."
ineac a wel asntsolid-uorydt egdio it-up afiie lateral diffusion in the interlayer hydrophilic planes,16X
at monohwayes molecular diffusioin brflrs' For or other types of motion of the film-forming mole-

culs,w while rigid films of cadmium arachidate (three
to five monolayers, thick) deposited on flat solids by the
LB method were reported to provide efficient protection

(11) Ved~, J. IL Moombkw IMimaki ChemdieeW WGw-intauduaim to the underlying surface against a number of corrosive
(No) YwXs IMUe, ~3 olodhtreeBd.15,8,1 chemicals in aqueous solution.'1

rvwe dWOwh Since both the film packing density and its strength of
(13) Bmmid. A.; Rau~ieiTeizlg,, AWN% Q~I~ An&. OCLa. IOM, 10, anchoring to the underlying solid substrate may be easily

19Lcotole and varied in monolayers prepared by wponte-
(14) Fubids, K. SldbmsM, Y.; Nakshas. IL Thi. SolidAi.. 13, neou adsorption from solution," iws anticipated that
07. a comparative investigation of self-membling and related
(I= Wa aa .3 Wh tim, BbW D. W.. Hors. RA. BeL1, 100,h'ILJL LB moniolayera, might help solve some of the basic qua.

Wombw P L er. wwww. by& hmLIVM02, M ad rew. tions regarding the penetrability of monolayer.
Wm eked dw . &I..E ~y 7,6The first three papars In this series dal with solid-

(10 Semb@K B. H,; Skw, 0. L, WiUse Da G. CwL'. Piy. L4#t. supported monolayer. and multilayer films of saturated
19M , N49 and unsaturated long-chain fatty acids and silanes (with

(17) Rie, Ch4 Skhed, A. I.43 Chem.. I#u 14,1. terminal and intrachain ethylnic do"bl bond funictions)
UK w.H;Cb..7;Ti.K exposed to aqueous and orgnic KMnO4 solutions. The

(10 owdtim f P. byAfwha r. 1 W . Y IMwascarried out in parallel on LB mono-. and
(19) ltsstc N OW I wsslsb ae~n~ *V multilayer fims and analogous SA monolayer.; prepared
(SO) Ron%, G. D., Q, J. &. J. CoUodd Inuwfe. 84 INS, 27, 156. on several differet flat substrates. Fourier transform
(31) Aiebwr .L .; [A N.t, V. K. J. Pho. Chem.. ISM10it. Infared-attenuated total reflection (F1'IR-ATR) spec-
(W Wbmisieb, S.; lhberi & . Coi~ud lmtafse 84d Wk 72', troecopy, including meeskaukementa with linearly polarized

U17. rsdidl and wettability obseratons2 were used to
(3) Sebsik IL 3. CP&Wad Bed. 19K611.4131 and A -mm chkWe d 6.SUiDLs the initial composition and structture of the film.
(24) lk, H,; Mel*^ D. Anew. OWP&is Ing. VrL 111. 10,62an and to follow the chemical and structural transformations
(5) ehd I N.I A.; Dssi* J.; Whluddu, CL N.J. Aft. CA.. Sme. lprou upon their exposure to the permanganate solu-

il9M 104 M613 tion. The plannig of the experiment. sought to answer
(35) MinpadahJ. A.; Whim D. CL3. Au. Ch.em Sm. 3173101, the following specific questions (a) How stable are the

6951 various studied film assemblies under exposure to the
(27) Gsbdu, R.J. FI.e Cia... I1353,05W. liquid reagent, and what arek the chemical and structural

(M W 4 dOPU. P -MehI, 0601111011ud, He. RL

(a) Gie, 0. 1., Jr. Mhin BSld Rim IM~ A L (31) 11er D.; OmebisI 0. Z. Eleee-oeham. Anp... Phys. Chem.
(30 QuIebmi.. T. I. Dma., 0. T. 3. Cc"al Inwe Bed. 117 131449310.

V. 418 Sold Imasm tis Mod .(2)
6 J.; Uh-l, J.3. C.Uedd Iref.e Bed. 1965.IM 467.
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troatieuaom produced by the lO~nO4 oxidation of the free surface of the water or reagent 8solui
MINsaturatsd uMMOIsyMr? How does the reactivity of a Mim 13 and Ceist"a Angle Mesauramens. JR-AT and itc
orrelaft with its structur-al asbility (b) How does the anigle maueents were performed s described before' The
effluiency of the double bond attack by permanganate to liquids sed in the conitact angle moessrements were in i
correlate with structural features of the film, such a its MMOwctOk.' x-hiezadecasie(HD)Mbcrlohexyl (BH),and
dsty of poking ortek~ fte obebn eo w1tat 1116 contea - were madly determinied aita recordinig

the Z1M SM urtes? c) re he rgidtr o th Mm the respective JR spectre, in order to reduce the dangver, of possible
the xpoed ilmsurfce?(C)Aretherigiityof he ilm containation of thme film by trace. of the test liquids. 32Al

and the nnnabilizaticn of the film contituent inolecias reported spectra were obtained at a resolution of 4 cm 1 and
(strength Of anchoring to the solid surface) important in repesent the net contributions of the repectve organic ine.
preventing the penestratio, of the reagent into the film? The edvstsd repiodueffity of the eheorbses and conat anigle
(d) What i the ReOWiv importancet of molecular diffusion mmeuremeat is indicated in the plots either by erro bars or by

I the mml'.. es iu s ge through defects, and latRalM the se of the displayed data points.
diffusion in the interlayer plane or in~ the fllm-suhetrate Planning at the 112peehsets and Interpretation of Ex-
interface? (e) What is the role of the hydrophobic effect 5 parr5Sna5 Data. In order to explore the depth of penetratio
in inhibitin penetration of Ions from an aquou phase of KMnO4 into an organized film assembly, films from one to

int th nopolr rgio oftheMmseveral Superimposed monolayer. were constucted with the
intothenonola reon f te flmreactve double bond funictions located at variabl positionis below

The experimental material included in this first paper the AW ta surac Films nod ofstrte n sol
in the sries is intended to Provide a comparative Picture (Cis and 01'S) were also examined, with the purpose of checking
of the behavior of monolaer, (LB and SA) and LB the behavior of monoayer. devoid of reactive ethylenic functions,
built-up multilayer assemblies, under exposure to aqueous under exposur to the reagent.
perwmanaa* while the following paper2 ' in this issue is I addition to organised mono- and multilayer siemabliss with
devoted to a detailed investigation of the aqueous per- planned architecture, relatively thick, polycrystalline fims of
Manganaste interaction with monolayer film only. The (t-13)Cn(u) were also prepared on ZnSe by castingsa measured
third pae deals with monolayer films treated with volume of the eurfactiant solution in chloroforms on the Zn&e
KMnO4 in organic SOlution. surface and then letting the solvent evaporate. It wes hoped that

a comparative study of the two types of films would allow us to
evaluate the robe of plenned molecular, organiatio ad structural

Ixperinsestal Section homogeneity in the process of fim penetration.
M"Wse. ftet whre thewas tatd, n maerils ine The in oxiatin products of oldefa by mqueos KInO4 were

ideial ith Kxcnsi ee inthereviosted all Marlswe reported to be dials, ketoh, diketonee, and cleavage products of
idenicalwiththompleod i ~ r~~iic -'' the caboni-carbon double bond. their relative distribution de-

mu aci d eewdi h rpaaino im o h pending on the conditions of the reaction.96 The reaction has

[OMS CH(CH)IhAMil, trua1.ooeocadd [hrmsidic ad, bee wtenively studied mainly on cis compounds, such asoei
(t-13)Cie(u), CHs(CH2J 1CH--CH(CH,COOHJ, trans-ia-ioco. ad ((-)wu) for which the distribution of products was found
senyltrichloroellane [(t-13)C 5 (u)Sl, CH,(CH,)ICH-CH- to be pH dependent in bulk aqueous sohWutIom' while in water
(CH2)"UBIj.1M en 7oaeiacad[t1),uCI mulsions it i pH independent and also different from that in

andH7ocadceoi acd (t17Ciju, homogeneous sadolton2 No significant pH dependence was
1" ft --d 4 IMIR0 T--an L LBmnoa found in the oxidation of the tran double bond In elaidic acid

and built-up muftileye films of the acid cadmium islts wes ((t9)C4(u)) in aqueous solutions above pH 9, the main products
Prpared ms described before.' Transfer cum wer recoded heing the keto and dWoL41 The oxidation Of oleic acid in mno-o

during the deposition of the LB monolayera for each of the laYMr sRead on dilute acidic permanganste solution was reported
speim e pare fo "~ study I Cotacnqatttv to lead to the quick formation of the cisupxy acid, with sub-

trasfe (rimterTa" i th rnge1.0 A 0.02 asbeen equent Partial cleaMv111e of the C-C bond to shatte water-aoluble
aciee In al eotdsmls.7 Amnly wes acid fiagmentOA It is also of interest to note that the oxidation
prepre by adsorption (at the amlbient temperature) from so- ofthe biadio acid (tirm isomer) in Lngvnui anolaye spread
lotions in bicycloboxyI (BCH), at cocnrain enuigfr on aqueous permatiganate solutions could be almost completely
notion ot complete monolayers at the respective compounds.' As lfebyOP tthmoiwrtohirsidpawie
before," L13 and SA filmsre denoted by L and A (adsorbed), no such dependence of the reaction on compression ould be found

for the respective cie isomer (erucic acid).4A This effect was
The0 permanganat reagent wa a1.2 Md solution of inyil interpreted a evidence that the esm pecking of the chain

pu K1604 in doubly dstilledote at neutral pijj hpoure a 'ivdin the moniolayer of the transm e efficiently Prevents
of the films to the reagent was usually peroresd by keeping the contc of th rectv ethytei futon with the liquid per-
flim-coateid ATR plates in a horisontal position and Spreading maganate in the Underlying subphs."

a thck aye attheK~vO soutin cm teir ndr raiaton- On the benie of the above available data on the KMnO, oxi-
emm rsa After the desired exposure time had elapsed (3 aisatdfni cudbatcptethtI pcrooy

ado in this study), the perseanganste solution wa remoaved by Should furnish evidence on the oxidation of monolayer double
Motion ~ and th A_ boea hewt awae jg hnd fuctions mainl through the disappearance of the ethylenic

the -sraigutinprocedure The surface was finally _ _ _ _ _ _ _ _ _ _

allowed to slowly air-dry under a gAss cover. Treatments With (9 f nad~d - epsdt h ~O
pure wate, HRd. and NaOH soluion were performed in an (30 S. imto the bfiaspti M Mowed d bwtoae through

enalgam er Thi prcedre ws aoptd incedr t avod Z ~ r nterass wefound to d isyhgher CHI end CH, peek
the Pausiit Of eventual contamination of the meowure fil aifter mpaeaueto the legn.Tids suhanesment at the
urface by traces Of surfae-activ material accumulated on the mehln n ~hlhead olinssases. m hlily, frm tracss

at als stelalpiced sp assthe *-I- of the liquid. Possible
e Ss At mb Anes an ata .:E he w- hl h-- anded film me-

ter!e reme bAss1 the plus e~m t the AIR plats (thes edges
(aS) Now F bid., Doll, D. wJ. Ant. Chim. sm.. i16. 11e. as va enaplad by the IR he m')os athesdMim or

(34~Masd, SI*J~eWHI~ir b 1Ws~e in th isse. retaied thed iMM unamp dift the contact agemau~
'd1 -- $L Ihi ,d R-, 1 1 (4) waowe . hJap.C F. 4. Aim Chem Soc 131,039ed

aQ eM 1m med fir tem ml ui rreence ied therein.
mm s ef . er amle (-"-')l edlete teprseceo (41) Cawlen. .LRkiceiti. C.. Swan. D. 4. Ans. Chum. Soc. 1%W5
ssssss~~ile ils a It 227te ta C,.wt 8, am41

httedesband ad a dane (21) hedpow (42) Osiel N., Ael, .LCal;edd Sw. i& 16 3.43
(87I~e~miat~-13Cnu" dssd to ret 34 (43) 1w~ W- TqyahIL, Watenase. . Moursme K 4. Cod-

(IS ?17. mssi win a a peene ham Pro. bid Interface L jest, 79,2 n eleens ciedterd
a~ K WhkassLne.(4 Mersden. J.; W"dsi 3. K. J.. Chftse. 1965 1163.
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F1gure 4. IR absorbance and contact angies of LB and sA films containin the tra.13-dooenyl moiety, before and after a 3-min

expsin toput waer nd/r the KMn0 4 oduticn 1, L,[(-17)Ciu(u) + (t-13)Cn(u)]/Zn& (ame also Figure 2); 2a and 2b, identicallypeposret samis wowtl)C~ ~ an, LC/t13)C(U)/ZDSS (Fure 6); 4, L,(t.13)CO(u)/(t-13)Cn(u)/OTS/Zt6e (Figure
1)40 L(-13)Cnu)/(t-17)C su)/C7/ZSe (see also Fiue2); 6a and 6b, identically Prepared samnple. of L,(t-13)C(u)/C/Co/Ge

(Figure r, 6b we 1-posed toz H, ndIhnO by immearson to the bulk liquid, followed by ithw al throug the liquid-ai interfasce 3

(sEeentalt Section for dseails)); 7. Ua/,/(t-13)Cn(u)/Ge, 8a and Sb, isdeicallyprepare amples of A.(t-13)C,(u)/ZnUe
Th J secruof 8b dispilauasl fetrs Indicative of long-range crystall[ine order" 9, A.(t.13)CS2(u)/Si/Znle. Lower part:

-Cs.C O.-OC, and -CO, repent ATh Pea aWbsobaMs at ca. 2919,2957, 9W4, and 1543 cm-', respectively (see Figure. 5-7).
absc. = 64nce--gU, absorbence after expeare t H, bsrac after exposure to KMnO4. hiddle part an is the frtion

ofreacted interal double bonsid, deerind rm the" denes intea oxa f the 964-cm~pe.0 eaiet h nta bobn
.nocs - reatv .. o the initial absoasbns, nomalized with respect to the obseved change in the alisorbance of the respective

2919-cm' CMaf-erexposure to KMnO4, M, relative to the absorbance of the 11,0treated finm, uncorrected; 10, relative to the
absworbnces: of Hg10treated fim, normalized with respect to the observed chang in the absorbance of the respctiv C peak
5ftr eXPOsure to Ikhin 4. Small negative An value (wthin ca. -0.05), indicatin an increas in the absorbance ofte94cApeak
following tdo KMnO4 Utmsnt, M mayaise from the statistical spreading of the JR measurements. Upper partz Advancing contact
angLs 0, initial velues; C6 after expoeure to 1420, %after exposure to KMnO4,.

The contact angles meared prior to expoure of the effect Of PUre Vwe on then monolayers is similar, al-
films to H2,0 or to the K~dnO, solution are in the range though Ie. drasti than that of the KNnO4 reagent co
characteristic of highl oriented, c ormnelye (Table L, entry 26) and (t-13)Cus(u) monolayer. display
atruuas of the respective co= ou eW A combined simlar Wetting popertie despite the absence of reactive
analis at the contact angles and the respective JR data double bonds in the former films,
ollected after 3-mmn ezpoue of the film to the KMnO4 No significant effect of water or of the KMnO4 solution
solution (F~ure 2 and 4; aes discussion below) reveal On the contact angles Of complete silane monolayer. ad-
that, in eeusrel, one cannot find a one-to-on cWo- sorbed on ZnSe (0TS as Wall as (t-13)Cn(u)Si) could be
epondence beten the extent o ddn of intralayer- Observed (Table!1, entries 27 and 20, respectively, Figur
locate double bonds and the observed changes in the 4). As shown in the following paper in this issue,9' in-
wet properties of the respective films. complee OTS/Si monolayer. an insensitive to the action

The we9t properties, we found to be strongly do- of the KNnO4 rewent too, while the significant drop in
peKadton the mode of fllm-to~aurface binding, the the contact angon of an incomplete (t-13)Cn(u)Si/Zn.e
thicknSS CC the fiM (in MultIRW structures), and the moolyer upon exposue to aqueous KMnO4 may be ss-
nd ofthe solid subnbet a si u ampSfor(t-17)C15(u) cribed to the onidation of the double bonds in this film
mmolsYws ad mixed monolaymr containing this corn- The wettability of multilyer acid salt fims is dearly
posmed (F4gr 2. Column 1- Tale!. etres 1-3), in dependent on the number of layrs in the film and the

hihthe aIoe Iu 111mive odMdn of the M* Ieta nature of the fim-forming Xsuratnta. Tus, LB films of
teibuu dobl bob zsui I complete wett by each Coe on Geothicker than a trilayer retain both their o9leo-

t:fa the three task liquds,6 the hft acid salt momolayer on phobicity and hydrophobicity upon exposure to the
hu% e fi fetd by the S-min GxpoMM to the KMn0 4 IO604 Solution (Table L, enizies 2& 24). whil (t.13)CO(u)I seluddt"in same ceulg nl a - u- dro in their film disla similar behavior only at thicknese above
RID sad BMI contact angles, while being compltely seve laYM (ra"e ent, e 6-40). Mixed multilay filme
wsUt by 11,0 (TAb 1, mu Wml-, Figure, 4). The containing, besides Coe. (t43)Csj(u) layers I" more

I ~ ~ _______ A-
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Table L Film Wateablily bhn and aftma 3-mis Ixpesur te Pare H$0 and Aquinas KMn04

equilibrium advancing contact angle dag
HD BCH H20

no. ffim lnftialP HIO~ KMa~ Wntlulh H210  KMnO 1  inilaP HOb KMnOj'
1 L.(t*47)C&(u)/hila 4 0 49 0 96 0
2 LI(9t7)Cua(u) + Cs/Zilga 40 0 440 as 0
3 1(t17)Cwg(u) + (t-l)C&)1/ZnSa so 0 4a 0 85 0
4 L,(t-13)C.(u)/(t-17)Cg(u)/C/ZmSa 4 40 48 41 107 09
5 LCftCnj-l7)CN(u)/ZnSa 48 43 51 50 107 O'
6 LOt.13)C=Wu/Ge 45 0 52 0 106 0'
7 L.3[(t4l3)Ca(u)l/Ge 51 0 103 0'
8 L.5[(t-l3)Cu(u)j/Ge 51 0 105 0'
9 Lt7l(t-l3)C(u)]/G. 51 48 104 100

10 1J9((t-1S)C(u)]/Ge 50 49 103 102
11 L,(t.13)Cua(u)/C.s/Cwg/Ge 45 37 0 49 41 0 104 0 0'
12 L,(t.13)Cn(u)/Cw/Cga/Ge 0 48 0 103 0'
13 1,C/C/(t-8)C(u)/Ge 48 0 102 0'
14 U,Cn/(t43)Cu)/C,JC/Gs 49 0 103 0'
15 U,/Cs/CICs(t-l)CU(u)/Ge 48 0 104 0'
16 L,(t.13)Cw~u)/Znza 4 39 35 48 45 42 105 Or 0
17 L.(t-13)Cn(u)/Za% ~ 45 37 51 45 103 0
18 A.(t.13)Cn(u)/I.sa 45 40 40 51 48 47 106 Of 019 A,(t.13)C(u)/Z.Sa 43 40 40 50 47 45 103 0, 0
20 A,(t.18)C(u)81/ZnSa 45 45 52 51 112 112
21 LC/Cn/(t-3)Cn4u)/ZnSe 43 39 49 43 104 0'
22 L,(t.13)Cu~u)/(t-13)Cu(u)/OTS/ZnSa 4 41 50 48 107 104
28 L.C/G. 4 0 51 0 105 0'
24 L.3(CsJ/Ga 52 51 105 104
25L.C,JZn~ 45 45 50 49 105 0
26 A.0'rS/Ge 45 45 0 52 52 0 112 ill Of
27 AOTS/ZaSa 45 45 44 49 49 49 112 ill ill
28 AOTS/Si 45 45 45 51 52 52 112 ill 112
29 pobyvWAefim (t-13)C5 (e) on ZaSa

(as. is sscmaau-tblck fim)
lmmfsk*a lafter *fcintha tat 45 45 40 45 49 45 103 103 96

drop cm the sura
3 min adr 43 41 s0
5 mmi later (equlibrwiuma) 40 36 78

-The rmudgon of the contact anglie asurments is ofthei order of hlo for HID and BCH and *20 for H20.2 6Angles determined before
(initial) and after a 3-in spora to 1110 and theni to tha K~fnO4 solution. 'Partially dry ate removal of the bulk liquid from the aurface.
The water teat drop areed an the dry as on the initially wetted portions of the surface. dYelowiah precipitate laft on the surface upon
treatment with KMnO#. The precipitate may be removed by gentle wipin with cotton wool, without removing the underlying organic film
No changs are obherved in the HD and BCH contact angles, while the Hj0 angle grows to ca. 601 after removal of the precipitate.
'Specimn liedi in columin 8b of Figure 4.

wettable than pure C3 films (Table I, entries 11-15 and about wetting by water or by the permanganate solution
24). of a polar solid coated with an oriented flmn assembly: (a)

As may be see in Figure 4 and Table I (entries 6, 7, Water must penetrate the film and reach the underlying
11-13, 16-19, 21, 23, 25), the wettability of (t.13)Cn(u) solid surface. (b) The mobility of the film-forming mole-
triayjer films and mixed trilayers composed of C,5 and cules in the first layer adjacent to the solid surface must
(t-13C3n(u) layers is similar to that of the respective not be hindered by covalent intermolecular coupling
monoloyers; Ua, such fins Iwo thar hydraplahbity upon and/or covalent anchoring to the underlying surface.
exposure to the KMnO4 solution. In -1tnto to Both conditions are fulfilled in monolayers or thin-
the pure acid-gait trilayers, a mixed trilayver comprised of enough multilayers of ionically bonded fatty acid salts.
an LB biayer o( (t-13)Cs,(u) deposited on top of a self- Water diffusion down to the underlying solid substrate is
assembled OT/aemonolaye maintains its high hy- efficiently blocked by dense Ca0 films thicker than a tri-
drh lacy fo 1wn 1retas with the KMnO4 solution layer, or (t.13)Cu(u) film thicker than seven layers,2"'
(Table 1. entr 22; Figure 4, column 4). This behavior is which explains the stable hydrophobic character of such
obviously asociated with the presence of the OTS anon- fllnu The hydrophobicity of silane, fims, particularly that
clawe amiemeath the aid ast biyer In this trilayer film, of the incomplete monulayers, is obviousaly a consequence
Coverage of the solid substrate by a covalently bonded of the surface immobiiation of the silane amphiphiles,
silane nmoers has Inv=Wbl besn found to reader it effected tr their intralayer and lyrsfaecovaent
noaetal by water. The surface hydrophobicity in binding.Z

prs Mdve In the presse of incomplt Wiese anost- Films on Ge (Table 1, entris 6-15,23, 24,28; Figure 4)
olayers (Inclading (t-l3)C*(u)8l) with apprwebly lowe are seen to be, in general more wettable than their coun-
packing dsmile Shea in losely packed stUctUUVL4 terparts on ZnSe (Table 1, entries 1W21, 25, 27).2 This

On the' bo o all thes observations, we may concude, points to weaker anchoring to the Ge surface of both the
that, is the absec of exteesdve mziative attack of the fsay acid Cd2' salts and silane monolayers. The drastic
film, two cmitow st be fulfiled in order to bring drop in the HD and BCH contact angles, besides those of

_____ ____ ____ ____ ____ 11,, upon exposure of Ge-supported, films to the KMnO4

(40) A detailed disassm of the bshmtvor of Iacomplets useclaym solutiosn, and the sanwitaneous appearance of a removable
is gives is efL s&Yellowish precipitate on the exposed film surface (ane
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L,(.- 13)Ces(U)/Co/C2o/Ge

(x2) After KMnO4:(----)
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WAVENUMBERS
Figure IL ATR inhared spectr of the ,(t-13)Cn(u)/C"/Cft/Ge trilayer listed in Figure 4, column 6b: (-) before exposure to the
KMnO, reagent; (---) after exposure to the reagent for 3 min.

Gesuppoted films in Table I, except entries 9,10,24) are specimena. Partial removal of film material from Cl0
indicative of oxidative attack of the Go substrate, accom- monolayers adsorbed on ZnSe could be achieved by this
panied by migration of the reaction products across the procedure only immediately following their treatment with
film onto its outer surface, aqueous HCI (5%) or KOH (1%) solutions. As demon-

Taken together, the present findings, and particularly strated by the ATR spectra of HCl- or KOH-treated
the striking differences between ionic and covalently monolayers (Figure 1), under these circumstances, the
bonded monolayars, suggest a mechanism of surface wet- removable film haction consists of Cao molecules converted
tang involving lateral diffuion of the wetting liquid (water) from the initial zinc salt (COO- peak at ca. 1540 cm-) to
in the film-substrate interfacial region. The proes is, the free acid (COOH peak at 1700-1740 cm-') or the po-
appalently, facilitated by the surface mobility of the film tassium salt (COO- peak at ca. 1576 cm-1), respectively.
molecules adjacent to the substrate, under the action of HCI- or KOH-treated monolayers were also found to loose
the wetting liquid. Wetting of a film-coated surface may completely their oleophobicity (zero contact angles for HD
thus be expected to affect the molecular architecture of and BCH), which suggests a major deterioration of their
the film. A critical evaluation of the extent of structural initial organization.
damage produced to a wettable film by its exposure to a The thick films prepared by casting a volume of chlo-
wetting liquid is, therefore, required. roform solution of (t-13)Cn(u) on the surface of ZnSe are

From the moderate drop in the HD and BCH contact polycrytalline conglomerates, as may be deduced from
angles of the acid films on ZnSe following 3 mi of expo- their IR spectra (see below) and SEM micrographs.
sur to HO and/or to the KMnO4 solution (Table I, en- Contact angles measured on such films immediately after
tries 16-19, 21, 22, 25; Figure 4) we may infer that, al- placing the test drops on their surfac are close to those
though their structural integrity must have been affected characteristic of ordered acid monolayers. This suggests
to a certain degree, the initial packing and orientation of that the crystallites have a layered structure and are or-
the film molecules on the surface are largely preserved in ientd on the ZnSe surface in such a manner that their
thmses flu Ths% conchuion is corroborated by the analysis outer layer mimics the appearance of an oriented mono-
of the ATR (se below) and polarized ATRM spectra of layer of (t-13)C 5 (u) molecules. Spreading of the test li-
some of the acid salt films as wall as by the reflection- quids in interstices between the crystallites leads to a rapid
seorption (RA) spectra of a L,(t-17)Cis(u)/Al monolayer drop in the contact angles with time, thus revealing the
recorded prior and after exposure to water and to the heterogeneous nature of these films (Table I, entry 29).
KMnO solution. Finally, spectral features indicative of Analysis of the IR Data. Oxidation of monolayer
long-range crystalline order, detected in the spectra of a double bonds under the present conditions does not lead
number of monlayer and multilawy acid films (ee below), to the formation of significant amounts of carbonylic
do not vanish upon their exposure (for 3 min) to the functions (see Figures 5-7). As will be shown in the
KMnO 4 solution. This learly indicates that the initial following paper in this isue, even after much longer ex-
moleculr oqanization is preserved in thes films, at least posure times (and quantitative oxidation of the ethylenic
within film domains containing a Ilp number of mole- functions) there is no evidence for cleavage of the C-C
MISS. bond in the trans-13-docosenyl chain. The fraction of

A last important point to be emphasised is that, al- reacted double bonds (An in Figures 2 and 4) is thus de-
though wetting of a flma-coat solid mstrate by water termined from the r" ve peak intensity of the ethylenic
(or by the KIaO4 solution) seems to require both per- bending band ae 964 om, solely.
west through the film and lateral diffion of the liquid The reproducibility of the present ATR measurements
in the film-substrate interfacial region, wetting does not and the observed sample-to-sample spreading of datax
sleet detAsmant of the organic film from the soid mur- allow An to be determined with an estimated confidence
ae. This was demoamstried by the failure of repeated not better than ca. 5-10% of a complete monolayer. This

attmpts to remove supsd laigfilm materia by figure may vary, depending on the presence of overlapping
suction of do t l was y t on thO sur of wetted bonds, the noise levl of the measurement (we Figure. 3
suto f h hckwtr-. ''
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lgure IL ATR Infrre spectra, of the 1,CgmC/(t-13)C(u)/TASe trilaYer lsted in Figure 4, column 3 (-) before and C- )after

a 3-min exposure tow the (134 solution.

and "-7, and the peak intensity of the measured handleC -(m Fngues 2 and 4).CB-
Another emumc of erro in the quantitative evahiation

of the ATR data srelated to the limited structural sta- , ,
modiicto ftheir op"ia properm upon exposure to

KMoO4. As shown previously.' a direct correlation of the ,-/

centatiowsof the respective functional groups is strictly C0

vaWi only for fitim having smilar indiu ozf rection and
molecular orientation. While theme conditions are welj
satisd for the presently imueige film in their Initial
state, deviations from the initial molecular orientation0 ...
and/or variations in the index of refraction asoiated with B Ll-~C(l(-~Cll0SZ~the oxidation of the double bond may affect to some Li-3C U/11)2()OSZ~
extent the ATR band intensities of Kldtrtreated films,

inepnenif reel chanes, in the surface concentrations U I023N3
o fefnonlgps"P responsible for the rempetive lj (3

raffinic chains is expected to result inlowarabsorbance U)
intenstes for theC04stretch modes by ca. 30%.2 In 4 Q09'I
addition, broadening of the bands has also been observed
to occur to a certain extent in pert of the Wnvatigated
specim foMowing the HP, and KMnO4 treatments. In --

order to soccmmt for possible such variations in the JR band 0 . (..3

ansois s well a for eventual loes (desoption) Of film A A,OTS/ZnS* After KUO.I-1
material upo treatment of th fim with H20 and (2
K0&04, we have also calculated corrected An values, . x)13
wrmiaed with respect to the observedvariations in the II

peak intensity of the respective 2919cm (CII, bands Q06 *.(-( Fligure 2 end 4).

As can be aee from F~gre 2 and 4, ther may be quite
lImg differesiees betwes corrected and uncorrected An0 25 07 95
value In fi nde on poWlm ouldstioa of their double WAVENUMUERS
bonds 'Thieefo, eseep flor a em toO0 or 1 (no changs Figur?. ATR Infared spectra ot the L,(t-I3)C,,(u)/(t-13)C-
or Complete dipe at o the measured C-C band, (u)/OTSIZ~s trilaer listed in lIgMr 4, columan 4: A, spectra
rp ed, ly), widi e be desermined with an accuacy of the 0TS first laymr B, epectra of the trilaye-, C, difference

of the order of 5% oa aolt imolayer, the other An spectra. 83- A, ehwft the not coatriution of the (t-13)Cn(u?
values listed in Igures 2 and 4 should be regarded as M~ u 01310 no s 4 iIn Figue

____ ____ ____ ____ ____ __ 5IaI m~t~atIV nmling certain general trends to be
(51 a~ jpuSi l~, sb wmb~srbm~ en inuunuuon a comparatve basis, within the various

sheuw 11 ~gh m e~hesd. (11mm 4. studied Sstems.
m %~a gis ~s~hb M em. w Ozbllas ef the Terminal Double Bendin Fibs

the ~ h ~lisinis he 7 ~ Anafemblies Costahanug (t-l7)Cw(u). Figure 2 summa-

lmvsiwbes ~ ~ ~ ~ ~ ~ ~ ri asbe.dasIaIpsw u R and cocitet angle "W obtained for a numnber of
We"smad be Msaiei (11mm 4. a~ i47.LS in meamblies containing terminal double bond
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fuctos, deposited an USe the reactive double bonds into a compact hydrophobic
The oxidation of unprotected double bonds, in a L,(t- environment provides, a expected, significant protection

17)Cjs(u)/ZlSe monolayer, is -see to be almost quant- against their attack by aqueous KMnO4. A dense Cm
atius (An - 0.82) within a 3-nd exposure to the KhlnO4  bilayer is thus found to efficiently prevent the oxidation

rant (coluna I i Figure 2). According to the intemitie of the terminal double bonds in an underlying (t-17)Cis(u)
of the CHt and COO- bands, the monolayer does not ap- monolayer exposed to the permangenate reagent for a time
pear to be depleted upon immersion in the KMn0 4 solu- long enough to ensure almost quantitative oxidation of a
tim. In fact, we observe a significant increase in the in- layer of unprotected terminal double bonds. It is also
tensity of the CH* bands as well as the appearance of a apparent that drastic deterioration of the planned archi-
CHO band, which may originate in traces of HD retained tacture of the investigated films does not occur during a
on the surface of the film during the contact angle mea- 3-mro exposure to the KMnO4 solution, in spite of their
surenents." complete wetting by the reagent.

The second and third columns in Figure 2 show results Oxidation of Intraehain Double Bonds in Film
obtained for mixed monalae of (t-17)Cu(u) with (t- Assemblies Containing the trans-13-Docesenyl
13)Cn(u) and Ca, respscdvely. The molecular packing in Moiety. Fig 4 summarizes IR and contact angle data
these monDoayen is lees tight than that attained in mor- obtained for 12 film assemblies, including LB (L) and
olayers of each of the respective pure acids, preumably self-amembled (A. adsorbed) monolayers, LB trilayer
due to stercal hindrance introduced by the terminal structures, and a trilayer comprised of an LB bilayer de-
double bond of the Ca acid in the packing of the longer posited on an underlying self-assembled OTS monolayer.
Cm and CS acids. This is indicated by the lower contact The films a arranged in the order of decreasing reactivity
angles measured on these two monolayer. (Figure 2;, Table (decreasing an) toward KMnO,.
I entries 2,3 and by their more expanded compression As expected, the mixed LB monolayer in column 1
isotherms on the water subphm (not shown). (Figure 4) is one of the most susceptible to attack by the

The oxidation of the terminal double bonds in the KMnO, reagent (an - 0.40-0.50). However, the internal
monolayer listed in column 2 is seen to be as efficient as double bond is definitely more protected than the terminal
in a pure (t-17)Cn(u) monolayer, while some protection one (An - 1.0) in the same monolayer (Figure 2, column
seems to be provided to the terminal double bond in the 2).
mixed monolayer with Co (column 3, Figure 2).U As The estimated extent of double bond oxidation (An) in
indicated by the intensities of the CH2, CHi, and COO- the LB aessmblies an ZnSe (columns 2-5, Figure 4) varies
bands, both monolayer. in columns 2 and 3 suffer only between ca. 10% and ca. 50% of a complete monolayer.
minor structural modifications and/or desorption of film A comparison of the reactivity of thes films suggests that
material upon immersion in the KMnO4 solution. A clear neither a (t-13)Cn(u) monolayer (column 4, Figure 4) nor
broadening of the COO band in the monol er in column an inert Ca bilayer (column 3) provides significant extra
2, accompanied by a shift of its peak from 1539 to 1547 protection to the internal double bonds of an underlying
cm"I and the appearance of a shoulder around 1558 cm- , (t-13)Cn(u) monolayer. It is interesting to note that the
following the KMnO4 treatment, may be due to partial highest resistance to attack by the KMnO, reagent among
eaehamp of the rinc ions for potassium, with the formation these films is exhibited by the trilayer assembly in column
of potassium carboxylate species. 5 of Figure 4 (An - 0.10-0.20), where the reactive mon-

Remarkable protection of the terminal double bonds is olayer is positioned on the outer film surface, 7 as com-
achieved in the trlayer structures shown in columns 4 and pared with the lower resistance of the film in column 3 (An
5 of Figure 2. The arrangement in column 5 appears to - 0.30-0.36), where the reactive monolayer is covered by
be somewhat more efficient than that in column 4. The an inert C20 bilayer.
structure of the trilayer in column 5 is san to be partic- It was further surprising to find that, although more
ularly well priserved following exposure to the KMnO4  wettable, films on Go (columns 6, 7, Figure 4) appear to

* reagent. This is evident from the very small drop in the be less reactive toward KMnO4 than their counterparts on
HD and BCH contact angles (Figure 2) and the invariance ZnSe (n values between 0.04 and 0.36). As on ZnSe, the
of all spectral features in its ATR spectrum (Figure 3), outer (t-13)C.(u) monolayer in the assembly in column
including the two bending vibrations of the terminal 6b of Filr 4 is seen to be Ion affected by the reagent (An
double bond, at 910 and 990 c-', and the proression of - 0.04) than that in the assembly in column 7 (an -
weak bends in the 1100-1300-cm -1 regio . 0.05-0.20), which is covered by a CI bilayer. From the

From the data in Figure 2 we may conclude that burying data in Figure 4 it is also apparent that relatively large
variations in the An values may be found between different
specimens with supposedly identical film architecture (see

(51) CStw to th s N the ohr Mass (o columns 2a, 2b, 6a, 6b, Figure 4).
Secion) ante d angls on th a wert e om dW Contrary to the LB monolayer and multilayer assem-

(52) Itdld be mood tt beus dthe vay low bseeabmoautse blies, the stability and chemical inertness of the self-as-
C bd s.,t....I sembled monolayer. (columns 8 and 9, Figure 4) are re-

An idsmitve mbmoo 6 dthd B markable. Within the precision of the IR measurements
in th~e~ m yIs 5 mod any toes be me m ti to ths (*5% of a complete monolayer), both the silane and the
uet.m Ino ms 4 It -mutse topo adcd monolyes appear to be totally unaffected by the
le C , asswtyihNat 0 aI doInrd by(t-Seu) 3 -,Ain exposure to the KMnO, reagent." All spectral-t Ibduesem/htem KMO4 , m emym ad the Inert C /

cswe~e u ~a amume e Is luas features in the ATR spectra of these self-assembled

(1 eube , I j.M/.het~ lly 7,a1o si-dn eonoesh Its tl ''
pep de ktoaw sSMA IyH~h seIrbie ooly are practically invariant upon exposure to the

3 wPI wdelie r P -dfW80UND Z000. (57) The hactlom of reated isrlaw double boede Io this outer
(t-i:X:ewr'. gold ~v b h to the dt of the wseminal double bombe In

(86)2 is t. .J. MeL 5pecfrm. £191,?, 116sd I Iwr ot the d (t-17)C (u) monolae in the m mmbly (Mto ue
thercma 4.

() Nmadli, C.; Rabeit, J. P.; Seies, J. D. J. Ch-. Phys. 198,11, (5) % sme tosquaca M 04 to iger t-eme dects the acid but
2not the alai. mmoleyes.

........... .......
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Figure 8 ATR inheared spectra ola thick polycrystailline film of (t-13)C(u) on 7,mB (wse text for details on Mirn preparation):(-
before and (-.--) after a S-i.n expour to the KCMnO 4 solution.
resgenL4 The contact angles of the ganom monolayer 4, column Ob. with those of the more reactive one (on ZnSe)
(columnS9, Figure 4) ase also invariant, while the drop in in Figure 4, column 3 (Figures 5 and 6, respectively), re-
the HD and BCH contact ane of the acid ealt mono- veals a sharper carboxylate (COOr) band on Ge (at 1541
layers (column 8) is smaller than that observed for their cm-1), the splitting of the CM2 bending bend at 1467 cm-1
LB counterpanes (column 2). (oni Zn.e) into a doublet (at 1464 and 1472 cm7' (on Ge)),

Taken together, the data in Figure 4 suggest a defet- and the presence of a triplet at 1407, 1423, and 1433 cm-1,
controlled mechanism for the permanganate attack on on Go, es compared with a poorly reachved doublet, at 1410
double bond functiosa. embedded in the hydrophobic re- and 1423 aznr, on ZnSe. A long progression of weak bands
gion of a dense monolaye or multilayer film assembly. between ca. 1100 and 1350 cm-1 is detectable in both
Appaently, the oxidant molecules cannot penetrate into spectre,~ howeve, thus bands are sharper and better
the inne core of a highly ordered and tightly packed resolved on Ge. Finally, the "crystallinityf of the film on
monolayer structure, oxidative attack of the double bond Ge appears to improve following the HIO and KMnO4
function. being possible only at disordered sites in the film. treatments (compare the 1541-cie~ bends and the doublets
According to Umi mechanism, the "xtent of double bond around 1487 cm'1 in the two curves in Figure 5), while no
oxidation in determined by the size and density of defects such transformations are detectable on ZnSe (Figure 6).
present in the initial im structur and by the extent of According to thes observtions, the films on Go are
structural danmage produced to the film upon exposure to ordered crystalline (or polycrystalline) structures, while
the reegent. This expis the observed lack of correlation lesw order and uniformity of the molecular arrangement
between film reactivity (in films containing the trans-13- are apparent in films, on ZnSe. Crystallization of the film
docoenyl moiety) and the planned moleculaer architecture on Ge is possibly facilitated by the weaker anchoring to
of the film. In a defect-free closely packed monolayer this substrate, as suggested by the more wettable nature
strucature, the eight carbon atom portion of the film ax- of films on Ge (n discussion above). The mobility of the
tending above the reative ethylenic fnction is sufenOt film-forming molecules is, presumably, enhanced by the
to black completely the scoess o( the oxidant molecules H2,0 and KMnO4 treatments, thus promoting further
into the film Placing an additional Ce biloayen top of crystallization of the film.
such a monolayer can obviously have no effect on its re- The acid salt bilayer residing on top of a stable OTS
activity, wherees the oberved reactivity of a defect-con- undarlayer (Figure 4, column 4) is expected to differ from
taing amly with suppoedly identical structure may all other acid films, as it has no direct contact with the
not, in geneal,. be exetdto reflect its planned three- underlying solid substrate. ATR spectra of this assembly

dinesioal rch~ectre ~are depicted in Figure 7. Some of the spectral feature.
Support for this inerpretation of the data in Figure 4 displayed by the (t-13)Cn(u) bilayer in this film (see

comeas buom a closer analsis of some charecteristic spectral difference spectrum, C, in Figure 7), such as the triplet at
features In the if-ATR spectra at the investigated a- 1402,1423, and 1433 cmr', resemble corresonding features
semblles. in the spectra of the acid salt trilayers on Ge (Figure 5),

AD = aci M im on Go display spectral features as while the 1467- and 1543-cm-1 bands resemble corre-
oribabl to long-range crystalline ords. Thi is lees sponding bendsithe Wectr of acid salt Wriay= on UaSe
obvios on 7ASs. For example, a comparison of the ATh (Figure 6). Thse observations point to variations in the
spsmoth -4n riu Iets mml(on Ge) lstd I ire detailed molecular organization within each of these acid

salt films Exposure of the acid bilayer on 0TS to the
(Th aM wm 3 Is oo~w permmanganater F solution does not produce any changes in

heiru he~~de~bmti mp oydofe orerIa t low the appeatrance of its 13R spectrum (Figure 7). However,
phes I ~is~IuII5.. ~Pert of the fiMW materiel is, apparently, removed from the

(W A 1 1 11 sw--- r surface of the substrat, as indicated by the decreased
indI~er ~sdi, Pa~y pSOe & toism peega* W temsitise of all IR bands following the KMnO, treatment

1112s IN AM If sewn As thids d a Mk&IWe (compare the solid and broken curves in Figure 7C). The
bsis Npdo ebehftheltrG&Mtdeest bal" to - corrected An of this film, noralized relative to the
o~r Wb r W - ~ by =6 ew aue peead uubsae In the incm (CM,) bend, indicates oxidation of Ca. 19% of
.adsoinuw se~ the double bonds (Figure 4, column 4), while considering
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-the reued inteity of the carboXyIate (W00-) bond at require esalihet of direct contacts between the bulk
IM Co one would obtai an = 0. T7U mean that the liquid and the solid surface through the orgnic film and

.obsrve in the inn , oft tl O-.C band in this lateral diffusion of the liquid in the film-solid intefc.
film m ey equally be ascrbed to of material from the o pres depends o the presence vods or chanes
surface and possible orientatond effects as to parta extending acros the film down to the underlying solid
ozidation of the double bonds. surface and on the mobility of the film molecules in the

Two important conclusiom emorge from the above first layer adjacent to the solid. Solid substrates coated
anakp* (a) No matter how the observed changes in the with surface-immobilized (covalently bonded) silane
spectra of the LB seemblies er interprted, it is evident monolayers are not wetted by water or by the per-
from the mere prMsn of such changes that the respective manganate solution (except on Ge), regardless of the
films undergo either structural or chmical modifications, presence of additional acid salt overlayers
or both, upon exposure to the pe, ,ganat solution. (b) No correlation of film penetrability, as probed by the
The lower reactivity of the m mblies on Ge may be aqueous permanganate oxidation of intralayer ethylenic
ascribed to their crystallinity, which is, however, not double bonds, with the planned three-dimensional archi-
necessarily related to their planned architecture. tecture and total thicknmss of the films could be established

That the tight packing of the reactive (t-13)Cn(u) for a series of LB built-up films ranging from one to three
mocule in a t polycrystalline structure superimposed monolayers. Monolayers produced by
pcudes their oxidation by the aqueous KMnO4 reagent" self-asembly were found to be more stable and definitely
is demonstrated in Figure 8, showing spectra of a thick less penetrable than each of the presently investigated LB
poly stllim conglomerate of (t-13)C,(u) on ZnSe, re- films.
corded before and after exposure to the KMnO4 solution. A combined analysis of the reactivity and wetting
The amount of material in this film, estimated from the properties of the investigated film assemblies leads to the
peak absorbance of the CHI bands around 2900 cm-t, is conclusion that passage of ions from an aqueous phase
equivalent to ca. 15 monolayer. Except for the first across a tightly packed monolayer or multilayer asembly
monolayer, which chemisorhe on the surface as the zinc of oriented long-chain surfactants occurs only through
salt (me carboxylato band at 1539 cmi-1 ), the rest of the fortuitous structural defects in the assembly or through
matwial in the film is polyeystalline free acid (carboxylic defects generated under the action of the penetrating
bands at 19 and 1714 om-). The crystallinity of the film spees An eight carbon atoms thick submonolayer barrier
is obvious from the sharpness of all its IR bands, the may, apparently, block completely the passage of the

Wiittin of the 1467-cm 1 (CH) bending aqueous permanganate ion, provided it is free of structural
bend into a doublet, at 1461 and 1472 cm, and the defects and does not deteriorate upon contact with the
well-resolved propessions of twist and wag bands, ex- permanganate solution.
tending from 1070 to 1380 cm 1. As sugted by its Them findings suggest the necessity of a thorough in-
wetting properties and SEM microgaphs the crystallites vestigation of monolayer penetrability in films not thicker
compoig the film have layered structure and are ar- than a single monolayer. Results of such a study are re-
ranged with the lyer plans pardlel to the ZnSe surface ported in parts 2" and 33 of this series.
(se discussion above). Expmum of this film to the
KMnO4 solution for 3 min is seen to leave its ATR spec- Acknowledgment. We gratefully acknowledge the
trum virtually unchanged (Fure 8), with no measurable support of this work by pants from the Schmidt Fund and
fraction of the double bonds beig oidized by the reaqent the European Research Office of the U.S. Army.

Summary and Conclusions Reg1s1ry Ne KMnO4 7722-64-7; MnO.", 1433-13-2; C,, Cd
salt, 14923-81-0;, OTS, Cd salt, 112-04-9; (t-13)C,(u), Cd salt,

Wetting of a monolayer- or multilayer-covered polar 110174-27-1; (t-13)Cn(u)Si. 103941-65; (t-17)Cus(u), Cd salt,
solid by water or by the aqueous permanganate solution 92001-91-7; BCH, 92-51-3.
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T'his paper pents a study of the penetrability of solid-supported monolayers a a function of their
molecular pekigdent and mode of binding to the solid suwac. Method, described in th. preeing

perin this issu ae applied to a detailed hnvestigatdon of films of saturated end unsaturated long-chain
ais(ionic bodn)adaln.(oaet bonding) in the aubmonolayer to complete monolayer range,

produced via spnaeu adsorption (seff-asasmbly) from solution. It ia shown that ordered monolayers
prepared in their tightest modes of packing behaeve as impenetrable barriers with respect to the passage
of the aqueous pemanganate ion, provided their initial. rigid structure does not deteriorate under exposure
to the KMnO4 souin The leaky nature of ionic acid salt monolayers is found to correlate with their
limited structural stability in aqueous media, while the remarkably higher barrier efficiencies of analogous
silan. monolayer is a consequence of their rigidination end stabilization through intralayer and layer-
to-surface covalent bonding.

Introduction obtained for anumber of representative LB acid salt

A study of the penetrabiity of& aeie of soi-upre monolayers1 were also included in the discussion of the
film assemblies, including Langmuir-Blodgett (LB) end results.
self-assembled (SA) monolayers, and LB multilayers of As before,' FTIR-ATR spectroscopy (icuigalso
some saturated and unsaturated long-chain acids and ai- measurements with linearly polarized radiation2 ) and
lanes5, und e poe to KMnO4 in aqueous mohution, was Wettability (contact angle) observations were used to follow
reported in part 1 (preceding paper in this iasue).i All the chemical and structural transformations produced
film described in part 1 were prepared in their tightest upon exposure of the films to the permanganate solution.
modes of packing and were exposedto the permanganate xeieta eto
solution for a fixed period of time (3 min), within which. All materials aneper~imental Sroetionmlye itialmost complete oxidation of unprotected, wok er ndexeimntlprceursemloe Iti
sad) double bonds was obeerved. A comparative analysis wor wer decie in psae Par.1
of the penetrability of these assemblies, as deduced from and ref 2 for the abbreviated notations of the surfactants and
the extent of double bond oxidation in the unsaturate respective monolayer systems) was prepared from brassidic acid
film components and frome changes in their surface watt- according to the following synthetic route:
ability, suggests a defect-controlled, mechanism for the old, OCc
page of the permiag-nate ion across the films. In CH,(CH2)7CH-CH(CH,)iiCOOH -

general, SA monolayers, and particularly those stabilized CH:(CH2)CH-CH(CH 1 1jCOCH3 , K
by intralayer and layer-to-aurface covalent bonding (i-.~I,
lanes), were found to exhibit barrier efidencee remaiably CH,(CH,)CH-CH(CH.),,CHOHTa,'
higher than those of acid salt LB film in the range from CH(~)C-HC2jCjrM6/Ill
one to three suiperimposed monolaye. A sharp decrese SIC14~H..HCHhCHB
in the latter's penetrability was observed in films thicker CH(CH)iCH-CH(C11a) 11 CHMgBr ct -a see imnla--iTs eutsln support to the H(H)C-HH2jHil
notion that the roe of total film thickness is importantCH(Hh -HCH 1 Hil
only inasmuch as it contributes to heatling of defects in a The esterification with 4-(dimeathylamino)pyridine (DMAP)
sttr made of intrinsically leaky monolayer. end NN-dcyclobaxylcarbodiimide (DCC) and the reduction to

Tbw ainfacorsdetrmiing he enerablit ofthe alcohol with LiAIH 4 were carried out according to standard
The ainfacors eteminng te pnetabilty f ~ procedures (ret 3 and 4, respectively). The bromination of the

monolaye films reported in pert 1 appear, thus, to be the aloo, with caro tatrabromide (CYrj and tri-butylphospliine
degree of fim structural perfection and its structural ((C4Ha).P), was performed according to the mnethod of Hoo, and
stability under the action of the penetrating reagnt. Thi GilanI. and the crmimon of the bromide to the trichlorosilane
paper (part 2) focss on the roles of the above, two factors was performed. via addition of its Grignard reagent in tetia.
in the process of moolayer penetration by the aqueous hydrofuran (THF) to an exces of tetrachoroailene (siCI4) in
permanganate Imn Advanatage has been taken in the benene (C*HJ, se described In ref 6.
present study of the possibility of controlling both the Purification of the ester and bromide intermediates was done
Strength of ancofin to the underlying solid suface WW by chromatography on silca with n-hezane =as luent, and the
the packing deasity of monolayer. produced via self-as- akhlwsrcytlidfo thnl 7Ue final trcloslane
ssmbly.' The investigation was confined to ionically prdc waislted fri the reaction mixture after decantation

bondd aid ah*andeavlenly ondd aans, i th an vauumevaporation of the esum Bid4, and the benzene
bondd aid 5118andoov~anty boded5111255 inthe The Intermedisas and the final product were analysed by

MAINGSaolear to complete Monolayer range. Variable standard proton WhIR and MR spectroscopy. A number of weak.
ties of amosus, to the permanganats solution were em- broad feature identifie between 1I00 and 1750 cm-' in the IR
played in order to check the log-term structural stability __ _ _ _ __ _ _ _ __ _ _ _

of the studied films. For comparison, data previously (3) Nine, B.; Speigllda, W. Anme. Chew, Ing. Ed. EnsL 19SM 17,.52&
(4) Vagel, A. Pra'scticL rw Ch.u,ny Wila New Yok, 19S6.

(1) m..R.,bel, J.Lan~ui, pssetag aperIn hh ue.(5) Hoos. L.; GMsaod . H. Camt J. Chem. 1565,48, K.1
()Ms,..Sql,, 3.J.d C*Uo1drntsifec. Sa154Z, 046. (6) Newer, L; lscowK , So&igl, J. Mai Sauid Pmism, go5, 51,.

0743-7448/87/24MS104M5*0/0 0 1987 American Chemical Society
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Figure L ATR infrared spectra of the brassidic acid monolayer of Figure 1, column 1.0b: (-) before and (---) after a 3-min exposure
to the KMnO, solution.

coverage (C = Co). Significant oxidative attack (A1n two columns in Figure 1) is distinctly different from that
0.30-0.35) is observed at C - 0.6C, although the surface of the acid salt films. There is practically no effect of the
coverage reached at this concentration appears to approach KMnO 4 treatment on the wettability of the complete silane
completion too. For the slane monolayers, An values of monolayer (Figure 1, last column), while a large drop is
about 0.60 and 0 are observed at ca. 60% and 100% surface observed in all contact angles of the incomplete one.
coverages, respectively (last two columns in Figure 1). However, unlike the acid salt films, complete wetting by

Further evidence for the penetration of the KMnO4  water was never observed with surfaces coated by silane
solution in the monolayer-substrate interfacial region is monolayers. The water contact angles displayed by the
provided by the changes observed in the carboxylate incomplete silane monolayer remain, thus, relatively high
(COO-) region in the spectra of the incomplete acid even after its treatment with permanganate.
monolayers. These consist in a variable drop in the peak We may conclude, on the basis of these observations,
absorb ence, broadening of the initial carboxylate band, and that only covalently bonded (silane) monolayers allow a
the appearance of new, broad bands around 1600 cm -'. No direct relationship to be established between the extent
such changes are observed in the spectra of the complete of double bond oxidation and the drop in their water
acid salt monolayers (compare the COO- peak absorbances contact angles. The wettabilty of the ionic (acid salt)
in Figure 1). monolayers is a more complex function of their reactivity,

These results confirm the expected dependence of film the penetration of water into the film, and its lateral
penetrability on its molecular packing density. If prepared diffusion in the monolayer-substrate interface.' The latter
in their tightest modes of packing, both the acid salt and process clearly depends on the surface mobility of the
silane monolayers are seen to provide efficient protection monolayer-forming molecules under the influence of an
to intralayer double bonds during a 3-rain exposure to the aqueous environment.' This interpretation is consistent
KMnO4 solution. The substantial double bond oxidation with the observed insensitivity of surface-immobilized
observed under identical experimental conditions in the monolayers of saturated silanes to treatments by water
incomplete monolayers of the same compounds is evidently and/or aqueous KMnO4 , regardless of their degree of
associated with the leaky structure of these films, compactness. Thus, exposure of an incomplete (ca. 78%

The changes in the contact angles, plotted in the upper surface coverage) monolayer of n-octadecyltrichlorosilane
part of Figure 1, reflect not only the reactivity of the re- (OTS) on Si to the KMnO4 solution for 3, 10, and 60 min
spective films toward KMnO4 but also their sensitivity to produced no detectable changes in its contact angles (1120,
water and aqueous permanganate, related to their specific 1030; BCH, 460; HD, 430).
modes of binding of the surface.' Finally, it would be of interest to note that, as far as IR

The incomplete acid salt monolayers listed in the first spectroscopy may reveal, no major structural modifications
three columns of Figuke 1 are seen to be wetted by each appear to necessarily accompany the wetting of acid salt
of the three test liquids following their exposure to per- monolayers by the aqueous permanganate solution. This
manganate. A drastic drop in the contact angles of the is particularly well demonstrated in Figure 2, showing
hydrocarbon liquids is also observed following the exposure IR-ATR spectra of the complete brassidic acid monolayer
of these films to pure water (see columns 0.2a and 0.2b in listed in Figure 1, column 1.0b, taken before and after its
Figure 1). Identical treatments applied to the complete exposure to KMnO,.
acid salt monolayers cause only a moderate drop in their The appearance of the spectra in Figure 2 is 'unusual-,
BCH and HD contact angles (see columns 1.0a and 1.0b displaying features normally not observed in acid salt
in Figure 1). All acid salt monolayers are wetted by the monolayers on ZnSe2 7 (compare with curve a in Figure 5).
permanganate solution and by water following their ex- Thus, all spectral bands in Figure 2 are sharper, the COO-
posure for 3 min to KMnO4 or pure H 20. The wetting of
these monolayers may not be ascribed to the presence of (7) SA acid oalt monolayers displaying 'unusla spectra. a in Figure
the double bonds, as similar behavior is displayed also by 2, wets occasionally produced on ZaSe plates when used for the first time
monolayers of saturated acids, such as arachidic acid on in monolayer adsorption. Attempts to reproduce such spectra on a
Zn~prticular piate after removing a first-adsorbed monolayer have con.-

stantly failed. The conditions required to promote formation of such
The behavior of the unsaturated silane monolayers (last 'unuual" monolayer. are under current investigation.
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Figure3. IR abeorbance and contact angles of A and LB copeemnolayrmsue beforad atra3m exoreto pure
water andoir auou MnO~ ,A(I/ne 2, L,/Z=e;3, A(t-0 )C (ui/ne ,a and4b A(t13)Cu 7u)/Zn~e;a and 5b,
LAM 1)C~u)Z e;6 L,(t-17)CtaW)/Z Me Th e in columns 3,45, and 4b are thes same as in the last column and columns i.Oa
and 1.Ob of Figure 1, respectively. All other notations are as in Figure 1.

band is shifted ca. 4-6 wavenumbers to the red and its Table L. Polaried ATR Measurements of Some
peak absorbance (at 1538 curl) is almost threefold higher Representative (t-18)Cn(v) Malayersoan Zn~e: Dlchrolc
than that usually observed (Figure 1), the CH2 bending Ratios (A J/A j) at the Peak Aheerbance of the
band is shifted from 1457 to 1463 cm-', the 149-- ban, Anntsmstrie (ca 2919 cm-1) and Symmetric (cat. 2850
ascribed to the bending vibration of the CH2 group adja- ca-1 Mehls Stretching Bands,
cent to the carboxyjatez (see curve a, Figure 5) is missing, ffm M, AJA,
and a now bend is now present at 1398 cm-k. The peak of compiete ca. 2919 cml ca. 2860 cm-'
absorbance of the C-C band at 964 cin 1 is also higher mon01ayer) initial' HO0 K59nO', initial' HO- KMnO4'
than that normally observed (Figure 1), and an unusually L (zoo%) 1.0 1.0 1.123 0.966
long progression of well-resolved twist and wag methylene A (100%) *1.186 1.160 1.06 1.222 1.66 1.0*0k
bands in visible between 1072 and 1336 cm-'. All then A* (100%)d 1.046 1.064 1.066 1.139 1.194 1.172
features are indicative of a highly ordered and rigid A (73%) 0.980 1.000 1.020 1.000 1.030 1.030
monolayer stucture possibly dispaying long-range cry's- 'The theoretical dichroic ratios expected for perfect perpendi-
talline order in the layer plane.3 cular and random orientation of the paraffinic chains are 1.237 and

The intial ordered structure of the acid salt monolayer 0.970, respectively.' 6L stands for LB and A for SA (adsorbed)
in Figure 2 appears to be preserved upon treatment with monolayer.. I Dchroic ratios were determined before (initial) and
aqueous perwmganate, as the two curves, taken before and after a 3-mmn exposure to pure HO and then to the KMnO, solu-
after the exposure to KMnO,, are virtually identical. tion. ,'The nAuauar brasaidic acid monolayer of Figure 2.
Additional evidence, indicating only minor alterations in the layer plans) of the chain in the complete monolayers 2

the orientation of the paraffinic chains of thi monolayer Significantly lower dichroic: ratios were obtained for the
upon treatment with aqueous permanganate, is furnishied "unusual" monokyer as compared with those of 'normnal"
by ATR measurements with linealy polarized radiation, ones, particularly in the 2919-cm-1 bend (see also ref 2),

The dichroic ratios' (AJLA,) in Table 1, measured for which would suggest a tilted chain arrangement in the
a number of representative film of brassidlc ai on UDse, former. The normal SA wonolayer in Table I also displays
are indicative of preferential perpendicular orientation (on somewhat better perpendicular chain orientation than the

(8) Guza J.; lacovici, P.; Ssgiv, J. J. Coiloid Interface Sc. 1954. 101. Bmnlyr1 sepceteicmlt Amn
201.

(9) It shoul be noted that the spectra in Figure 2 differ from those (10) A quantitative evaluation of the chain orien~tation from polarized
ofcralgia LB multayer films of the Cd** ak of baldic sol on~ GO*2 ATR meesurementa s thase presently reported. is subject to consider.
The doublets centered at 1487 and 1428 cm in the multilayer spectra able uncertainty due to the low sensitivity of such measurements to
(F~gur 19 in ref 2) awe characteristic of a multilayer crystal structure with otlentatiosial effects and the relatively larg experimental error asociated
two mole"ue per unit cell. No such band splIttings are observed in with the determination of ths dichroc ratios. 2

Fisure 2. which would mawse the existence of a distinct monolayer (11) A similar peak at 1745 cm-1 was previously observed following
crystalline structure with only one molecule per unit cell. The present treatment of ot saturated acid salt monolayor (CJ/ZnSel with aqueous

petadata are first indication for posble lone-range crystlline order KOI4.1'MTis bend may rerveent a bas line artifact originating in re-
i n slfasebled monolayer filmsLiD sidual ZnSs contribtn.s*-12I
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olayer (ca. 73% surfae coverage) in low ordered then each
of the complete ones (lowest dichroic ratios in Table I). 14 W -- 1 - -

The significant drop ia the dichrvic ratios of the LB and 106
normal SA monolayers following the water and per-nmpnte treatments msugp significan dvietions fia 57
the initial orientation or partial randomization of the pa- 49

raffinic chais in these fims An opposite trend, i.e., a - .. .--------.,-,--
small increase in the diehroic ratios, is observed for the -41
unusual and incomplete monolayer., suggesting that only I 3
minor orientational changes, possibly leading to slightly
improved perpendicular orientation of the chains, occur 25
in these films upon treatments with water and per-0 __,_,___,_,_ ,_ ,-____
manganate. This improvement in the chain orientation,
particularly in the incomplete monolayer, may arise from 0.8
a hydrophobic effect inducing chain association in the
watertreated films.

The main results of the experiments with dense (com- (4
plate) monolayer. exposed to KMnO4 for 3 min are sum- U
maried in Figure & Figure 3 lits both SA and previously 02
investigated LB monoayers, arranged in the order (from 0
left to right) of increasing susceptibility to KMnO4. The < 0 - , , --
first two columns include monolayer. of the saturated -02
surfactants, OTS and C, and the last one an acid salt 0 .- -- - -
monolayer with exposed outer double bonds.1

A point of interest in Figure 3 is the significantly lower 0 20 40 60 80
penetrability of the SA unsaturated acid salt monolayers REACTION TIME( min)
(columns 4a, 4b) as compared with their LB counterparts Figure 4. Spectral and contact angle changes measured upon
(columns 5a, 5b). The drop in the CH2 absorbance of the exposure of complete monolayers of A,(t-13)Cn(u)/ZnSe (open
LB monolayers in columns 5a and 5b of Figure 3 points points) and A.(t-13)Cn(u)Si/ZnSe (solid points) to the KMnO,
to the structural damage produced to these films by the solution, for the indicated periods of time. Lower pert a defines
permanganate treatment. No such changes are observed the observed decrease in the IR absorbance relative to the re-
in the spectra of the estramtd (C) LB onlayer (column spective absorbance measured before exposure to KMnO4 , withithe lattr molye alsoatexhib)ts nart BH-CH,- and -C-C- representing ATR peak abeorbances at ca.2). The latter monolayer also ezhilits invariant BCH and 2919 and 964 cm', respectively. Upper part Advancing contact
HD contact angles, although its complete wetting by water angles. * and o, bicyclohexyl (BCH); A and A, n-hexadecane
following the KMn0 4 treatment is similar to that of the (HD); i and a, H20. The size of the displayed data points
unsaturated acid salt monolayers. indicates the estimated reproducibility of the IR and contact angle

The superior behavior of the alane monolayers (columns measurements.
I and 3 of Figure 3) is evident from the invariance of both
their IR spectra and contact angles upon exposure to similar behavior over times of the order of several minute&
KMnO4. IR spectra corresponding to part of the data points in

Expsure to KMuO4 for Times Longer Than $ main. Figure 4 are given in Figures 5 and 6. For comparison,
Figure 4 summarized IR and contact angle data obtained spectra of incomplete monolayer, of the respective com-
during exposure of complete SA monolayer. of brasidic pounds, taken before and after 3 min-exposure to the
acid and the corresponding unsaturated silane to aqueous permanganate solution, are also reproduced in the upper
permanganate for periods of time varying between 3-60 parts of Figures 5 and 6.
and 90 min, respectively. The gradual disppearace of the double bond band at

The gradual disappearance of the double bond band at 9 - and a slight broadening of the CH2 bands around
964 cm- (reaching An - 0.87 at 60 min of exposure) and 2900 cm-', pointing to partial disordering of the paraffin
the concomitant monotonic drop in the tespective BCH chains, are clearly seen in the spectra of the complete acid
and HD contact angles (the Hj0 contact angle falls to zero salt monolayer (curves a-d in Figure 5). The 964-cm -'
already at 3 min of exposure) provide unequivocal evidence band of the incomplete acid salt monolayer disappears
for the slow oxidation of the double bonds in the acid salt almost quantitatively within a 3-rin exposure to KMnO4
monolayer. The oxidation process does not involve (upper curves in Figure 5).
cleavage of the paraffinic cheinsn or depletion of the film, In addition, major changes are also visible in the 1500-
a indicated by the invariance of the CH2 band absorbance 1750-cm' spectral region in Figure 5. There is a drop in
(an -f 0 for CHj). the peak absorbance of the carboxylate band at 1544 cm -'

In contradistinction to the acid salt monolayer, no sig- with the appearance of a new peak at 1556 cm - , which
nificant oxidation of the double bonds could be detected becomes dominant after a 60-min exposure to KMnO4
in the silone monolayer, up to a total exposure time of 90 (curve d). A strong, broad band around 1618 cm- 1 is visible
mi. The contact angles are also seen to be stable, except in the curves recorded after 15, 20, and 25 min of exposure
for a slight decrease that might be due to eventual ad- to KMnO4 (curve c). Finally, a new band centered at 1745
sorption of trace impurities on the exposed fMin surface. cm-' is present in curve d" of Figure 5.

It is cear from theme results that only covalently bonded The peak at 166 cm- 1 may be ascribed to the formation
silane monolayers maintain their barrier efficiency over of potassium carboxylate species.'. 3  The origin of the

*long times of exposure (hours) to the penetrating reagent,
although densely packed acid salt monolayer. may show (13) Carbazylat peeks at 1668 cm' wer obsevd in thei spec tra

of tik posium stte a well of a surtec-immobilizsd potassium
carboxylate s produced by the organic KMnO, oidation of (t-

(12) Maos R.; Seltv, J. Thin Solid Film 1985, 132. 135. 13)Cu(u)Si/
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on its moletule pwkin* deneity and stuctural rigidity. IR dats, wetting of a film-covered surface by the KMnO,
Densey pecked nonolayere of long-chain amphiphilee solution in not neessril accompanid by detectale al

€ould be produced on solids by spontanousm sf-assambly terationg of the initial film structure or by significant ox-
frm solution, behaving se afficint impenetrable barriers idtion of intralayer double bonds. It thus appear, that
with respect to the passge of the aqueous permanganate the passage of the wetting liquid acr ols the film occuri on, Permeation of ionic spce from aqueous me"i through a limited number of pinhole defect, while its

stit such soihelatte d oeteriora ti demonstrated lateral diffusion in the is stratu interface is mediated
to be a dc ect-oontrolled rocLt Te baigr fficiecy by the coupled motion of relatively Large numbers of
of highly ordered monolayer of this type is, ultimately, flms formin percule Electrostatic factors might also
dstermined by thor longterm structdy stability, winch play role in the wetting of the ionic films. Finally, the
ise, in turn, a function of their speific mode of binding to bje character of the silane monolayers, including
th a solid surface. Thus, the Performance of covakntly the incomplete ones, is, obviously, a consequence of their
boned mol y (stlahes) isgh e o superior to that surface immobility, resulting from intraayer and lyer-
of sabiofnt films (acid la s), the differftcis betwew y to-surfae covalent bonding.
the two type of films coreln with form's structural The peankey roles of film
stability versus the atter's dterioration upon Prolonged structu st lity, besides its suctuMl Perfection, in the
contact with the solution of the penetrating y waterennineering of efficient monolayer barriers 7 The use-
Complete monolayers of unsaturated lon-chain acid C 41ness of penetration-controlled" reactions, in onjunc-

salts prepared for the present study by spontaneous tion with wettability observations, as indicators of the
ilf-sionbly (SA) from solution were found to be low penetrability of monolayer fsmt is demonstrated.

penerabl thn hir degr conterart& These a s Acknowledgment. We gratefully acknowledge thequterfae thi re re fcerfceobility of the SAmnlaajsupport of this work by grants from the Schmidt Fund and
• : ~Taken together, the present and Previously reported' h uoenRsac Ofc fteUS ry

S spectral and wettability data suggest a rather intricate Reistry No. MnO4-. 14333-13-2; KMnO,4, 7722-"47; (t-
mechanism for the wetting of adid saet films by water and 13)Cn(u)Si, 103941-63-5; Zn.%, 1315409-9, (t-13)Cn(u), 5M633-2;
aqueous KMn04 The wetting process obviously involves Cq, 14923.81-&; OTS, 112.04-9; Ct& Cd salt, 2223-930.

"both peerain thog voids across the film and lateral
diffusion of the wetting liquid in the monolyer-substrate (17) Thes conduions ase confirmed by recent reults of an elctr-
interface. This requires sufficient surface mobility of the chemico xtu* of the wata permuio thmo~h orpnmmd SA monaayen
film-forming molecules. However, as demonstrated by the on gold ejectrode,."

I __ _ ___ _

i~
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Thunnuly Indued Dsorder I Organifted Organic Monolayes on Solid Subsitates

SIney R. Cahen, Ron Naam,* ail Jacob Sqhr0

Department of Isotope Reseach. The Welzrwin Institute of Science. Rehovot 76100, Israel
(Receiw& Mar'ch S. 1986)

Olsonvation of malting io soid-ippxted ogani foalyers of long-chain smphipliiles using IFIIR spectroscopy and wcttability
measurements is reported. Three different substrate-monolayer interactions-covalent. ionic, and physical bonds-were
investigated. Both Langmnuir-Dlodgett and self-assembly techniques were used. With the exception of covalently bound
oy-1h ' -11-- -nam all species uniderwent a large. irreversible rindlomntion at sard 110 OC. Although heating affected

slight disorientation of the chains in OTS, no sharp phase transition characteristic of a macting process could be detected
for temperatures up to 140 OC. The importance of head group immobilization in the thermal stabilization of monolayer
structures is demonstrated.

Ieodl by changes in the friction coefficient' and observed by electron
Orderd monolayer of long-chain organi aniphiphiles are of diffr&Ction2 and Penning ionization spectrOscopy.3 In addition,

interest teretically, for potential applications, andl because of melting of a seven-layer bult-up film has recently been reported
their similarity to biological memubranes. The chains can be by usig FHR (Fourier transform infrared) spectroecopy.0 The
attached to hydropailic: or hydrophobic suibstrattes through the litera ture lack information on the effect of the subetrate-moni-
poa hood or the alktyl tail. There exist mnAny variations in the
polar head gropa and the type of bond made to the substrate.

1: The effect of these varieties on monolayer structural stabilit (1) 11"mi F. P.; Tiar, D. 77e FffuioR od Liihaedo of Sonjdr
bes mot benu thoroughlly studied. The effmc of temperature on seou Oxford. It* Chapter X

ol(2) Cbepa.ss J. A.; TAbar. D. Pror. R. Soc. Ladoe A t1", 242,9.
suh films is of particular interest. Thermalily induced PUNs (3) Hasdo, Y.. Osaki, H.; Obaem K. Swif Sd 19147 d, 35-40. 3
transitions in solid-inpported moolaer f~i hawe been detected (4) Hasil. r- Rablo, J. P.; Swaim J. D. J. Chan. PAys. 11916 82.2136.

0022-3654/86120903034$01.50/0 0 1936 American Chiemiical Society
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TAKLE h~ Advameh CMe AO. (dWg MU@ii hate (litE sMW aSher Hsaft sad Cselisg So AMItbe TOMau (Fnwl)a

inital rinal
film type H20 HD BCH H 20 HD BCH

tilayer 115*2 47 * 1 33 *1 109 dc2 42 *1 48 &
Cie(LB) 106 *2 43 &1 49* 1 100 *2 32*&2 41 *2
Cis(SA) 105*&2 45 :k1 51 *1 97 *2 30 *2 39 *2
OTS (SA) 113 A2 46 *1 51*1 113 *2 46 *1 51* I
OTS (SA. P&) 102 *2 42 :k1 42 *1 102*3k2 42* I 42:k1

'Tat liquids aed won 1120, hezadecane (HiD), and bicycloiayll (BCH). bPartial (ca. 60% surface coverage).

A aA B

Im as

22*
'I 22*

III ~1 I
009I633

I IW

2980 250 2 250 250 2780

0032 -a (aiRO)
27 3gw. 2. Spectral changes in the C-H stretch region of OTS/A upon

heatng ad reoolig, s o m plete (A) and partial (13) mionolayers
1451 (see text). Peaks are identified in Figure I caption.

I the values characteristic of well-oriented layers." The wettability
2680 17 50 190 350 1150 of monolayer-covered surfaces may thus be used as a valuable

*WNPI (cf$ tool in the detection of structural transformations in such films.
Rgws 1. Spectra of the cadmnitum(1) arachidate ilayer on OTS ob- Eamerisiil tioni
Wemed by mathematical subtraction of OTS/AI spectra from those of the
cadinium(II) arachidate/cadmium(1l) arachidlate/OTS/AI trilayer. Sample preparation was by techniques previously described.6-
Effect of temperature (indicated on spectra) in the two spectral regions Briefly, the mirror substrates were formed by vacuum evaporation
is see. Approximate positions of the observed peakts are as follows: (A) (Edwards; evaporator) of the pure metal onto specially cleaned
CH3 V. (2962 cmn-') and P, (2935 and 2876 cnr'); CH2 P, (2920 cm'-) glass microscopic slides. Self-assembled (SA) monolayers of
and #, (2850 cm'1); (3) CH3 &8(1465 cur'), COO- Y, (1432 cr'-), anid ,s-octadecyltrichlorosilane (OTS) and arachidic acid (C2D) were
P. (1540 cm '); progression 0(11501450 cur'). prepared on Al by adsorption from solutions in bicyclohexyl.

Langmnuir-Blodget (LB) monolayers of cadmium(lI) arachidateolayer bonding in such phase transitions. it this Letter, we wish were transferred to Al and Ag substrates by using standard
to present preliminary results of an MTR and wettability study techniques. A trilayer film was also prepared by building up two
on the effect of temperature on the structureco oganized organic LB monolayers of cadmium(II) arachidate on top of a SA 0Th

m layers of ltchaili aphipleU. Emlphasis hs bee placed monolayer. Thus, the alkyl tail of the first LB layer faces the
on the influence of monolayer-substrate and intralayer Umtcrac alkyl tail of the 0TS, and the alkyl tail of the second LB layer
ti5013 points outward, leaving the polar head groups of the two chains

The utility of FMI spectroscopy, in the reletiw-llorptWio situated in the center of the LB bilayer.modle, for detecting orientatiosl chan in monoilayers on mea Spcta msreen eemaewtaNiotM-I FTIR
mirrors has been well documted- eme only thow vi- spectrometer, as described previously.' A constant purge of
brational mods with components perpendicular to the surface cleaned nitrogen prevented JR-absorbing contaminants from en-
are excited, any changes in a lo chain's orientation relative to teringl the spectrometer and lenened any probability of oxidation
the substrase can be a*il obsred. When an alkyl tell biorieted at the higher temperatkies. A polarizer was used to select thenormal to the surface. the nietykos stretching modes ure parallel parallel to the place of incidence component. Signals were av-
to it anid thus cannot bs detecsed As the orientatio, is lost, thes aged for 20 min, 640 scam, and are shown here after subtracting
modes pin a composent In the perpendicular direction and their th aprpit 6ec (blank mirrors + polarizer). The sample
abeorps assicae dramatically. mirrors were backed, by resastively heated copper blocks. Tem-

Com e euremens can coplament the FTIR reuls perature was monitored with a thermocouple.
For long-chalned ampmlphillc monolayers exposing; CH, groups, Contact angle U asurements were performed by placing drop
disiorientation results in contact angles significantly lower than thrsecieludsotesiesnerabntodtos

________________________________________ and mu lin the contact angl with a goriometer. TheU readings
(5) Cobe C- Naws.. 14 Jav . to A'csRg d'rh 2nd lAsent. were made both beores heating and after heatin to the maxiunm

aiwdC*r.s -W Fb. Mass. NY. Jul 1-4. temperature used in the FIrll measurements and then recooling
(6) One, L; I pe*eslel. 4 Ss J. J. CoMed hAWi Sd. "1010. 201.
(7) Alls. D. L; Nsizio.0. Leviguish 19. 1,. (1) Msa. L; Sgiy, J.). Ceile" Iaus~erf Se. 1994 WO. 465.
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species, carries potential for ionic bonding,' LB moolayers of
Ah Batwr tulre to btalminum and silver substrates

TTT . ~different mmsilayers, the main features of the randomization
004 procesm observed in the C-H region were essentially the same.

I I ! ! OpThe cadmium(II) araschidate monolayer on aluminum is shown
'1 her in Figur 3 a a representative example. The COO- stretch

region in Fgre 3B shows broad features, presumably due to the
interaction of the head groups with the Al surface, as discussed

Q00 in ref 6. No significant variations are observed in this spectral
region up to 125 OC, suggesting that randomization of the pa-

I Iraffini chin is n accmpnie by sinfcn chanes* ith
oricaution of the had grop. In this caereversibility is oberved

neither in the spectral features nor in the contact angles (Table
Q03 -I 1)upon recooing.

I Ii The covalent bonding of OTS represents the strongest film-
I I IIsubstrate and intralayer interactions.U Both complete and

I lm-m~kodmed partal(ca.60%overage) monoas wereprepaed
I II

II I The partial monolayer appears to have an orientation only slightly
~1 worse then that of the full monolayer (Figure 2). Tis supports0016-evidence that incomplete monolayers form in partially ordered

ISV Ifislands rather than assa sparse homogeneous layer.'10 Spectral
I changes upon heating are far less dramatic for both the complete

I * ~and partial 0TS monolayers, no discontinuities ascribable to
r significant disorientation being detected. In accord with the

3052o5 17)15O L50 15 spectral data, the contact angles were invariant.
WVENUIAdUMIi In summary, several effects were observed upon heating and

1ip'. 3 Spectral chans in cadmium(li) arachidate monolayer on recooling of the films. The frst effect, below certain critical
al--uiasm on beating and -eooh*ug For duesption of psk identities, temperatures, is gradual disorder--largely reversible upon re-
m e Figare I caption. cooling as in multilayer assemblies." This probably corresponds

to thermal excitation of vibrations. For the covalently bound 0TS
*The results are displayed in Table I for the monolayers on Al moly this effct wa very weak and the only observed change

substates.up to 140 OC. The second effect, identified in the C20 monolayers
Raidis and Dhmsis. above ca. 100 *C by randomization of the paraffinic chains, is

indicative of complete collapee of the monolayer structure. This
Representative spectra of two extreme cases-cadmium(ll) may be ascribed to a melting phase transition.' The C20 bilayer

arachidate bilayer on 015 and 015 monolayer-are shown in on 073 also undergoes this melting transition above ca. 100 OC.
Figures 1 and 2, respectively. Contact angles are displayed in Hwvr tdsly infcn tutrlrvriiiyuo e

Tabl I.Thecadium(I) racidae biaye inthetrilyer cooingfrom the melted state (130 *C). probably induced by thesample represents the weakest film-to-substrate boniding:- vande stable 01'S montolayer.
Waa attraction between the hydrocarbon tails of the respective Melting of an oriented and densely packed array of long-chain
(0Th and cadmum(IJ) araichidate) chains. The results (Figure ampiiipiles implies a finite volume expansion, which would require
1) are similar to those obtained for the seven-layer cadmium(UI) some degree of mobility of the polar bead groups. Immobilization
arachidate LB film on AS.' The progression between 1150 and of the head groupe by covalent intralayer and layer-to-substrate
1450 co-', characteristic of fully extended chains, as well as th bonding, as in the 0TS/Al monolayers, may thus be expected to
COO- stretching at 1431 and 1540 can' and the CH stretching prevent melting of such films. The higher thermal stability
bands around 2900 cm-1, changes moderately up to ca. 100 OC. presently reported for the 0Th monolayers supports this notion.
Between 100 and 130 OC, a more abrupt change in the repectv Further work is now in progress in an attempt to elucidate the
band intensities occurs, indicative of randomization of both th role of head group immobilization in the thermal stabilization of
hydrocarbon chains and the COO- head groups. Significant olaestuur.

rvsibility in the orientation of the cedmium(ll) arachidate molaestuur.
bilayer is observed upon recooding (see also Table 1). Acknwlvedgmient. We gratefully acknowledge the support of

The Cis monolayers, both SA and LB9 repreent an intermediate the U.S.-Isrel Binationtal Foundation and partial support by a
case of bonding. By using LB monolayers of cadmium(II) ara- grant from the European Research Office of the U.S. Army.
chidate on two different substrates, Al and Ag, and additionally _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

a C3 SA arachidic acid monolayer on Al, we prepared three (9 UIA.RmueTeirA;Rolo CA.Ch.17510
monolayer types with muow variations between then. Th 19.aru.A;Rsdl-ezeA;Rslo C n.Cl.17.0
self-assembled C20 monolayer is either physisobed or ionicafly (10) Gsroff, S.. HA R. R.; Deckman H. W.; Murez, M. S. Ppoc.-
boun&6' The cadmium salt, although transferred as a neutral £Iecirfthem~ So. tIn. 854,112i.
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A study is presented of the amount of coverage of Si substrates by monolayers
and multilayers of molecules deposited by the self-assembling technique. Self-
assembly was achieved by chemisorption of silane compounds from solutions, on to
smooth n-Si substrates. The coverage was examined by IR absorption, wettability
and X-ray diffraction. For n-octadecyltrichlorosilane (OTS), prepared as a single
layer, the coverage appears to be close to 100%. For a monolayer of a silane-methyl
ester, containing 24 carbons (C24SME), the coverage is at least 90%. A film
comprising three layers of C21SME molecules could be modeled by a mixture of
two- and three-layer regions.

I. INTRODUCTION

Spontaneous adsorption (chemisorption) of appropriate amphiphiles from
organic solution has been shown to allow the formation of ordered monolayer films
on a variety of polar solid surfaces'- 3. Recently, this monolayer self-assembly
process, combined with a chemical activation procedure serving as an externally
controllable trigger, was used to construct planned multilayer structures similar, in
some respects, to solid-supported Langmuir-Blodgett (LB) built-up films'. An
important difference between the two types of films, aside from their fundamentally
different mode of assembly, is related to the fact that the self-assembling multilayer
structures are obtained as covalently bonded (both intra- and interlayer) networks
of remarkable physical and chemical stability. The molecular arrangement and final
overall architecture of such systems may thus be expected to reflect the interplay
between the various weak as well as the strong forces operating during the
spontaneous formation of each monolayer on the solid substrate. Sterical and
electrostatic factors should play important roles in the process.

The present paper addresses the question of whether the coverage of the

*Pape prented at the Second Inu'national Conetute on Lantnuir-Blodett FMlms, Schsnect dy,
NY. U.S., July 1-4,1985
t Address correspondence to this author.
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substrate by such a self-organized monolayer is complete. For this purpose we have
applied X-ray diffraction methods', complemented by quantitative Fourier-
transform IR attenuated total reflection (FTIR-ATR) and wettability measure-
ments. The substrates chosen were Si because polished wafers that are excellent for
X-ray measurements are readily available, and the ATR plates were also of Si.

The adsorbed molecules chosen were n-octadecyltrichlorosilane (OTS, CH 3-
(CH2)A -- SiCl3) and a long-chain silane-methyl ester (C2,SME, CH 3 -O--CO---
(CH 2)22-SiCI 3 ), and of a trilayer film of the latter. OTS is, to date, the amphiphile
for which the largest body of data is available regarding the formation of covalently
bonded self-assembling monolayers '". Evidence derived by a number of different
techniques 2' 6 points to the structure of complete OTS monolayers as consisting of
arrays of fully extended and densely packed hydrocarbon chains, with essentially
perpendicular orientation of their axes on the layer plane (mean deviation of the
chain axes within less than 10° from the surface normal). C2,SME is representative
of a new series of bifunctional silane--ester surfactants, recently synthesized for the
purpose of studying the self-assembling properties of long-chain amphiphiles
containing a relatively polar and bulky function at different positions along their
chains". OTS can form only monolayers, but the ester group of C2,SME can be
chemically activated and used to form multilayers.

2. PREPARATION AND CHARACTERIZATION OF THE FILMS

The general methods employed in the preparation of self-assembling mono-
layers and in the ATR and contact angle measurements were described before'.
Solutions of the respective amphiphiles (2.0 x 10 -1 M) in 90/o bicyclohexyl (BCH)
+ 12% CCI, + 8% CHCI3 were used for the adsorption of the present films. All
materials, except C24SME, were identical to those employed in previous work2 . The
synthesis of C24SME is described elsewhere ' . The low oleophobicity of C24SME
monolayers (see contact angles in Table I) made difficult the dry retraction of such
films from the adsorption solution. Liquid retained on top of the monolayer-coated
substrates was removed by Soxhlet extraction with hot chloroform. In order to
ensure formation of solvent-free, complete monolayers, all presently reported
samples (both C24 SME and OTS) were exposed to several adsorption (10 min)-hot
CHC13 extraction (20 min) cycles, until invariant maximal contact angles and IR
signals were reached6.

Multilayer films were constructed via a two-step chemical procedure involving
the conversion of the ester functions of each. layer to terminal hydroxyls (the
chemical activation step4), followed by covalent coupling of the silane functions of
the subsequent layer to the exposed hydroxyls of the underlying one (the
chemisorption step'). The ester carbonyls were reduced to terminal hydroxyls by
immersing the film-covered substrates for 15-30 min in a saturated solution of
LiAIH 4 in dry diethyl ether at ambient temperature, followed by rinses with distilled
water, concentrated HC1 (30%), distilled waer, and final Soxhlet extraction with hot
CHC13 (20 min).

Polished n-type Si wafers were employed as film substrates in the X-ray
diffraction experiments, while the IR data were collected from a separate set of films

j .
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prepared by an analogous experimental procedure on a silicon ATR plate. A
qualitative comparison of the two sets of samples is possible through their contact
angles.

Figures 1 and 2 depict ATR-IR spectra recorded after each step in the
construction of a C2,SME/C 2,SME/Si bilayer and an OTS/C 2,SME/Si bilayer
respectively. The spectrum of an OTS/Si monolayer is also shown in Fig. 2. The
corresponding contact angles measured for n-hexadecane (HD), bicyclohexyl (BCH)
and H20 are listed in Table I. Inspection of the IR spectra and the respective contact
angle data leads to the following conclusions regarding the composition and
structure of the films.

1. The intensities of the (H-C-H) stretching bands around 2900 cm t in the
C24SME/Si and OTS/Si monolayers (compare Figs. l(a), 2(a) and 2(e)) are
proportional to the number of (--CH2-) groups in the chains of the respective
compounds (22/17), suggesting that similar molecular packing densities (areas/
molecule) are reached in both films'. This estimation is subject to an uncertainty of
the order of about 5% of a complete C2,SME monolayer, associated with the
sample-to-sample data spreading characteristic of the present ATR
measurements2"6. A comparison of the contact angles measured on complete
C2,SME and OTS monolayers (Table I) is not conclusive in this respect, as the
proximity of the relatively polar ester function to the outer film surface results in
significantly lower contact angles on the former, irrespective of its packing density
and the orientation of the chains in the film 2.

2. The quantitative conversion of the ester function to a terminal hydroxyl is
evident from both the disappearance of the ester carbonyl band at 1742 cm - (Fig.
l(b)) and the contact angles measured on the respective reduced films (Table I)'. The
ester reduction is seen to be accompanied by a certain depletion of material (about
20%) from the C24SME monolayer shown in Fig. 1, while the corresponding
monolayer in Fig. 2 is not affected by the LiA1H, treatment. In general, silane
monolayers on Si were found to be stable under exposure to LiAIH 4 in ether".
However, as the present examples demonstrate, molecules less tightly anchored to
the surface may be occasionally removed under these conditions. Such partial
depletion of the film is easily detected by IR, but not by the contact angle
measurements (see Table I).

3. The second adsorbed layers in both the C2,SME/C 2 ,SME/Si and OTS/
C24SME/Si bilayer films appear to be identical to monolayers of the respective
compounds adsorbed directly on the bare silicon substrate. This is indicated by their
IR spectra (compare Figs. l(a) with l(d) and 2(d) with 2(e)) as well as by the respective
contact angle values (Table I). It is further apparent from Fig. I that part of the
CZ4SME material adsorbed as a second layer (about 12%) is, in fact, used to refill the
depleted first layer, so that the final bilayer film is actually composed of two almost
complete monolayers.

A comparison of the contact angles measured on the films prepared on Si wafers
for the X-ray diffraction experiments with those measured on the films used in the IR
experiments allows the following inferences to be made, in a general, qualitative way,
about the structure of the former.

. The contact angles measured on the OTS/Si-wafer monolayers are excep-

_I...

m2) -t.



156 M. POMERANTz et at.

0.300 CJ

(e)

0.240-

0.310 N

S (d)

0.248 x2 0.180- -CH27

___]\ (d) j
(d) 0

cc i2o -CH3

aI24-(CC

0.062 (b)

0) (0) (0)
0000 (J) 0.000

3100 2900 2700 1850 1650 3100 2900 2700
YAVENMSERSWAVENUMBERS

Fig. 1. ATR-IR spectra of films on siicon plate (45', 17 reflections), recorded with a Nicolet MX-1 FTIR
spectrophotometer. ac a resolution of 4cmn

2 : (a) C2,SME/Si monolayer; (b) C2,SME/Si reduced
monolayer (after treatment with ethereal LiMlHj; (c) C, 4SMEfC2.SME/Si bilayer; (d) C2,SME second
monolayer, subtraction (c) - (b).
Fig. 2. Spectra as in Fig. 1. showing only the (--CH 2 -) stretching bands around 2900 cmf2 for: (a)

C21SME/Si monolayer; (b) C.,,SME/Si reduced monolayer; (c) OTS/C 1 SME/Si bilayer; (d) OTS
Second monolayer, subtraction (c) - (b); (e) OTS/Si monolayer.

TABLE I
CONTACT ANGLES ON NEONOLAYER AND BELAYER FLMIS BUILY ON SILICON4 ATR PLATE AND ON GLASS SLIDES

Film Advancing contact angle' JR Wpctrwm
(Fig.)

HD BCH HtO

C2,SME/glaSab 22*-24* 30*-32' 70*-72* -

C24 SME/Si 26' 320 72' 1(a)

C, 4 SME/Si reduced 0* 0V 500 1(b)
C,,SME/C,,SME/Si Not measured 31' 74' l(c)
C2.SME/si 2r 32' 73' 2(a)
C24SME/Siv reduced 0' 0' 50' 2(b)
OTS/C,4 SME/Si 46' 51* 1)2' 2(c)

OTS/Si 46' 5V' 112' 2Me

*The precision of the contact angle measurements is of the order of ± 1'.
bMaximum contact angle values measured on Complete C2 4SME monolayers on glass.
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tionally high (compare the values in Tables I and 11 with those in refs. 2 and 6). These
OTS monolayers appear, therefore, to be almost perfect in terms of surface coverage
and chain orientation and packing, possibly displaying long-range two-dimensional
crystalline order 2".

2. The contact angles measured on the C 24SME/Si-wafer monolayer sample
(entry 2 in Table II) are close to those determined on the corresponding monolayers
on an Si ATR plate (Table I), except for the water contact angle which is somewhat
higher. This might point to a larger deviation of the hydrocarbon chains from the
surface normal in this particular monolayer, thus causing a larger proportion of
inner (--CH 2-) groups to be exposed on the outer film surface.

3. The contact angles measured after each step in the construction of the
C2,SME trilayer film on the Si wafer (Table II) indicate the formation of a complete
first layer, similar to the C2,SME monolayers on the ATR plate, followed by less
ordered second and third layers (compare values in Tables II and I). Thus, the
somewhat lower contact angles displayed by the second layer for the organic liquids,
in particular for BCH, may be taken as evidence for a less compact and ordered
structure, although not very much different from that of the first one'6 . A drastic
disordering effect is further observed in the formation of the third layer. This is
obvious from the large drop in the BCH and HD contact angles, which may be
interpreted as indicating the formation of an incomplete monolayer 2"6. It is to be
noted that the water contact angles are not sensitive to these structural differences
(Table I). This behavior can be rationalized by considering the opposite variation
tendencies expected for water contact angles on C,,SME monolayers of variable
density. Usually, lower film densities lead to lower contact angles2' 6, however, in the
present case, increasing the area/molecule should result in an outer film surface
poorer in relatively hydrophilic ester groups and richer in more hydrophobic chain
methylenes, which should thus tend to raise the water contact angles.

The origin of the disordering effect observed in the formation of the third layer
in the C2,SME trilayer film is not entirely clear. A number of film-building
experiments carried out with C2,SME on glass, quartz and silicon have shown
rather poor reproducibility in the formation of high-quality monolayers of this
compound, regardless of the substrate. We suspect that partial misorientation of the-
film-forming molecules at the liquid-solid interface, caused by the relatively polar

TABLE Ii
CONTACT ANGLES ON FILMS UILT ON SILICON WAFEA5

Film Advancing contact angle

HD BCH H.0

OTS/Si (two samples) 48' 540 113°- 14'
C0,SME/Si (monolayer sample) 27'-28' 30' 79'
C.,SM E/Si (trilayer sample) 26' 32 72'
C.,SME/Sk, reduced (trilayer sample) 0' 0 50'
CzSME/C2,SME/Si (trilayer sample) 24' 28' 72'
C24SME/Cz4SME/S, reduced (trilayer sample) 0°  0' W
CzSME/C2,$ME/C,$SM E/Si (trilayer sample) About 12' 23*-24' 710
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nature of the terminal ester function, may be responsible for the difficulties
encountered in the self-assembly of C2 ,SME. Results of film-forming experiments
performed with several other silane-ester surfactants, having the ester function
located at different positions along the chain, support this interpretation'.

3. X-RAY DIFFRACTION

It has been demonstrated that X-ray diffraction can be used to get structural
information about LB films even for a single monolayer. It is possible to measure
such small (microgram) samples because the Bragg angles are about 1° (the
molecules are long and stand nearly perpendicular to the surface), hence the
diffraction is occurring near total external reflection from the solid samples. The
X-rays that are reflected from the atomic planes are thus relatively intense and their
interference produces large modulations in the diffracted beams. This high
sensitivity makes it feasible to measure the monolayers deposited by the method of
spontaneous adsorption. The most definite information extracted from the measure-
ment is the thickness of the film. This is relevant to the question of the coverage by
the film, because if the observed thickness is equal to the known length of the
molecules then the molecules must be closely packed. If the thickness is less than the
length, the molecules must be leaning, which implies that the packing is not
maximal. This case needs to be examined to learn if it arises from incomplete
coverage. Our procedure of fitting the data also gives information about the
chemical composition of the layers, but this is not very precise. As will be explained
below, for rather featureless patterns like that from a monolayer, a good fit to the
data can be achieved with a range of parameters; however, some models of the
molecule seem incapable of explaining the data and thus may be rejected.

Our experimental and interpretational methods were published earlier'. The
only change from those techniques is that we now s can optimize the fit to the data by
use of the simplex method of variation of an initial set of parameters. This is done
with the constraint that the correct number of electrons in each lamina is maintained
as their thicknesses and refractive indices are varied. The data were taken on a
diffractometer possessing a highly collimated and monochromatic X-ray beam. A
0-20 scan in steps of about 0.01' and counting times of minutes is made under
computer control. The resulting spectrum for OTS is shown in Fig. 3. Note that the
intensity scale is logarithmic so that the rounded peak at about 1.5' is only 10' of
the incident intensity. This peak is absent on Si substrates that are uncoated; it is
caused by the adsorbed OTS. The full line that passes through the data was
computed by considering the interference of waves reflected from plane laminae
representing the chemical structure of the OTS molecule. The model is shown in Table
III, with the parameters used for the various molecules we examined. The structure of
the molecules is shown on the left side. The procedure used to find the parameters
was to first estimate the index of refraction, n I - 6 + if where 6 and P are directly
proportional to the electron density, N; 6 = 1.06 x 10-6 x N. We assume that
the maximum density is for the alkane packing, because there are no bulky groups to
separate the chains. We can then calculate the alkane densities from known
structures. When alkane chains are closely packed they occupy an area of about
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18 A'. The separations of the atoms along the chains and the numbers of electrons
are known. Thus for the CH2 groups, which have N = 8 electrons in a volume of
18 A2 x 1.3 A, we find a value of 6 = 3.9 x 10 - ". If the molecules are not tightly
packed we assume that the deltas will be decreased, but probably not by much. The
major effect of loose packing will be a reduction in the thickness of the layer. The
tilted molecules will probably pack to a smaller, but approximately the same,
density than for close packing. Using known covalent radii, and models of the
molecule, we estimate the length of the chain to be 26 A. From the data of Fig. 3 we
derived a thickness of the film of 23 A, about 13% less than the extended chain
length. Incomplete coverage may be the cause of the reduced thickness, but
somewhat looser packing in films is probably the cause. In LB films the typical area/
molecule of carboxylic chains is 20 Az, slightly larger than in bulk paraffins. The
packing of our films is unknown, but previous IR and wettability measurements2 on
OTS showed that its density on Si was the same as LB films of carboxylic acids. An
area/molecule of 20 A' would allow the chains to tilt the observed extent. The
parameter P in Table III represents the lossy part of the refractive index. The values
given are only estimates, but in such very thin films they have very little influence on
the diffraction pattern.

For the C 2,SME, similar considerations lead to an estimated length of the
chain of 35 A. The measurements, shown in Fig. 4, give a film thickness of 28 A. This
decrease of 20% is noticeably larger than for OTS. If we attribute a decrease of 13%
to steric effects, as in OTS, then here the additional decrease in thickness of about 7%
implies a maximum 7% lack of coverage.

The trilayer of C 2,SME gave the data shown in Fig. 5. We attempted to fit the
data using the same parameters used for the successful fit of a monolayer, but
repeating it for three layers. We also included the modifications in the structure
introduced by the chemical binding of the layers to each other. The result was the
curve labeled "3 layers" in Fig. 6. It can be seen that the predicted diffraction has
sharp decreases near 0.20 and 1.0'. which appear only vaguely in the experiment. We
were unable to find any reasonable parameters that satisfactorily reproduced the
data using a three-layer model. We therefore considered the possibility that only
part of the film has three layers, and part might have two. The predicted diffraction
from a two-layer film is also shown in Fig. 6. The tendency is for the peaks in the
three-layer diffraction to occur at the minima of the two-layer diffraction. A
superposition of the two patterns smooths the features. By trial we arrived at the fit
shown by the full line in Fig. 5. To achieve this fit the ratio of the areas covered by
two layers to three layers was 0.55/0.45, and slight adjustments of the thicknesses of
the layers were made (as listed in Table 111). This fit was not optimized because we
felt that a more perfect fit would not be very meaningful, considering the number of
parameters. It does seem clear that a mixture of two- and three-layer regions
provides an explanation of the data.

Table III also lists the values of the refractive index parameter 6. These values
are not to be regarded too seriously, because good fits to the data could be obtairn-d
with values of 6 of the CH 2 layer (the thickest and thus most important) that differed
by 25% from those in Table III. The corresponding change in the thickness of the
CH2 layer was only - 3% so the thicknesses are much more strongly determined
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Fig. 3. X-ray diffraction from A single layer of OTS on a Si substrate~ The squares are the data points. The
full line is calculated from a model described in the text and in more detail in ref. 5.
Fig. 4. Same as Fig. 3 except for one layer of Cz.SME
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Fig. 5. Same as Fig. 3 except for CI 4SME prepared as a trilayer. The full curve is the superposition of the
dfrcinfrom toanthree-layer films assumed in the ratio of 55% to 45%.

Fig. 6. Calculated diffraction from two- and three-layer C2,SME films.

than are the 6 values. Nevertheless, we found that some models did not seem to be
capable of providing a good fit. For example, if we assumed that the Cl of the original
chiorosilane remained attached instead of being replaced by 0, this added such a
large electron density that only poor fits were found. This model can be rejected on
chemical grounds as well.

4. CONCLUSIONS

We have used three independent methods to study the degree of coverage of Si
surfaces by chemisorbed OTS and CZ4SME monolayers, and a trilayer Of C 1 SME,
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deposited by the method of spontaneous adsorption. The IR absorption, contact
angles, and X-ray diffraction all suggest that the monolayer of OTS is complete. In
fact, the contact angles are larger than any values previously reported; this indicates
exceptionally good coverage and smoothness. The thickness of this C2,SME film is
noticeably less than the length of the molecule. This can be interpreted as a lack of
coverage of 4 7%, which is cbmpatible with the results of the other methods. In
some other samples, IR and wettability indicate complete monolayers of C24SME.
For the trilayer of C2,SME all the methods allow for an incomplete upper layer. IR
showed that, in some cases, when a second layer is added it also helps to complete the
first layer. The X-ray diffraction does not seem explicable by a three-layer model.
Using parameters not much different from those of the monolayer, we find a good fit
by assuming that about 45% of the area has three layers and 55% has two layers.
Work is in progress to substantiate the idea that the variability noted for C2,SME
may result from the proximity of the hydrophilic ester group to the end of the tail.

The X-ray diffraction gives another result which tends to confirm the
interpretation that the OTS gives good coverage and that C,SME gives somewhat
less. The roughness, r, needed to explain the results differs drastically in the two
cases. For OTS we deduced a value of r = 0.25 A, which indicates a very smooth
film. For C2,SME, we needed r = 3 A, rather like that of a single LB film'. A
possible interpretation is that the OTS forms a very complete polymer network,
linked by Si-O--Si--O-- chains. Such chains might have sufficient sidewards
strength to allow the film to bridge over the roughness of the substrate, like a
membrane. It seems to do this better than LB films, as might be expected. The
CZSME bridges less well, perhaps because its coverage is less and the polymer
network does not support the film everywhere. Such films would follow the contours
of the substrate, and be rougher than well-polymerized films.

It should be noticed the different molecules in this study had somewhat
different adsorption properties. Thus the behavior of one or the other cannot be
readily generalized. Perhaps after more studies of this kind, on a variety of
molecules, we shall achieve greater predictive ability. However, it seems that the
method of spontaneous adsorption can be expected to give coverages in excess of
90%, approaching 100% in some cases.
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